A HIGH TEMPERATURE OUT-OF-PILE EXPERIMENT FOR TESTING NUCLEAR THERMAL PROPULSION SURROGATE FUELS. by Howard, Richard
University of Tennessee, Knoxville 
TRACE: Tennessee Research and Creative 
Exchange 
Doctoral Dissertations Graduate School 
8-2019 
A HIGH TEMPERATURE OUT-OF-PILE EXPERIMENT FOR TESTING 
NUCLEAR THERMAL PROPULSION SURROGATE FUELS. 
Richard Howard 
University of Tennessee, rhowar11@vols.utk.edu 
Follow this and additional works at: https://trace.tennessee.edu/utk_graddiss 
Recommended Citation 
Howard, Richard, "A HIGH TEMPERATURE OUT-OF-PILE EXPERIMENT FOR TESTING NUCLEAR THERMAL 
PROPULSION SURROGATE FUELS.. " PhD diss., University of Tennessee, 2019. 
https://trace.tennessee.edu/utk_graddiss/5946 
This Dissertation is brought to you for free and open access by the Graduate School at TRACE: Tennessee 
Research and Creative Exchange. It has been accepted for inclusion in Doctoral Dissertations by an authorized 
administrator of TRACE: Tennessee Research and Creative Exchange. For more information, please contact 
trace@utk.edu. 
To the Graduate Council: 
I am submitting herewith a dissertation written by Richard Howard entitled "A HIGH 
TEMPERATURE OUT-OF-PILE EXPERIMENT FOR TESTING NUCLEAR THERMAL PROPULSION 
SURROGATE FUELS.." I have examined the final electronic copy of this dissertation for form and 
content and recommend that it be accepted in partial fulfillment of the requirements for the 
degree of Doctor of Philosophy, with a major in Mechanical Engineering. 
Arthur Ruggles, Jay Frankel, Major Professor 
We have read this dissertation and recommend its acceptance: 
Trevor Moeller, Thomas Harrison 
Accepted for the Council: 
Dixie L. Thompson 
Vice Provost and Dean of the Graduate School 
(Original signatures are on file with official student records.) 
A HIGH TEMPERATURE OUT-OF-PILE 
EXPERIMENT FOR TESTING NUCLEAR 





A Dissertation Presented for the 
Doctor of Philosophy 
Degree 


















Copyright © 2019 by Richard H. Howard 






I would like to thank all my colleagues in the Nuclear Experiments and Irradiation 
Testing Group at the Oak Ridge National Laboratory. This work would not have been 
possible without their support. Specifically, thanks to Joel McDuffee and Kurt Smith who 
contributed their time to support me with advice and technical support. Others at ORNL 
who deserve my gratitude include Ken Tobin, Bob Sitterson, David Bryant, and Ryan 
Gallagher. To Jordan Rader, T. Jay Harrison, and Michael Smith – thanks for making me 
part of the team. To Dr. Kelsa Benensky, Dr. Mike Houts, and Sonny Mitchell at NASA – 
thank you for the funding opportunity, collaboration, and excellent comradery. Thanks also 
to Dr. Lou Qualls who introduced me to this outrageous project and provided me with a 
muse that allowed me to create something beautiful. 
I also want to thank my committee. Dr. Ruggles – you are fantastic to work with, 
and your insights & conversations were invaluable. To the remaining members of my 
committee, who include Dr. J. I. Frankel, Dr. T. M. Moeller, Dr. T. J. Harrison: I give you 
my utmost respect and regards. 
Lastly, I owe everything to my wife Amy. I was once told that there is no such thing 
as a self-made man. My achievement here is proof that this anecdote is true. I couldn’t have 






Nuclear Thermal Propulsion derives power from fission to heat hydrogen gas to 
produce thrust for propulsion. This technology dates to the 1950’s and the early days of the 
space race between the United States and the Soviet Union, but much more development 
is required to bring it into a technologically mature state. The fuel and reactor component 
qualification remain incomplete and are crucial to developing engine designs that can 
reliably facilitate interplanetary space travel. This work describes a Nuclear Thermal 
Propulsion fuel test strategy that integrates nonradiological out-of-pile tests and in-pile 
radiation tests that utilize sub-scale specimen geometries to subject fuel materials to 
Nuclear Thermal Propulsion conditions. Earlier Nuclear Thermal Propulsion development 
efforts relied on full-scale prototype reactor tests to qualify fuels and reactor designs. The 
approach developed here reduces risk of the fuel qualification process.  
This work includes the design, modeling, and testing of an experiment called 
“OUTSET” that exposes candidate fuel and reactor component materials to 2,300°C, which 
is typical of Nuclear Thermal Propulsion service conditions. The design requirements for 
OUTSET are established, construction & testing details for the experiment are described, 
experiment transient temperature results from thermocouples, short wave infrared camera 
response, and melt wire are reported. A thermal model for OUTSET is developed using 
ANSYS and data from experiments are used to validate this model following the American 
Society for Mechanical Engineers consensus standard Verification &Validation -20.   
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INTRODUCTION AND BACKGROUND 
Nuclear thermal propulsion (NTP) technology is designed to provide propulsion 
after a vehicle is “in space” and derives thrust from a hydrogen propellant which is heated 
by a nuclear reaction. This technology generates a 900 s specific impulse and 1.1 MN thrust 
[1]. The specific impulse is estimated to be over twice of that of contemporary chemical 
combustion rockets [1], primarily as a result of the low atomic weight of hydrogen 
propellant, and the high temperature to which it is heated. Chemical rockets may have 
higher exhaust temperature, but the lower molecular weight of the hydrogen compared to 
chemical rocket propellants makes NTP a more efficient propulsion technology. Other 
technologies such as electric propulsion, solar sails, solar thermal propulsion, and fusion 
propulsion claim specific impulse generation from 1,000s – 100,000s, but the technical 
readiness of these technologies is low [2]. Domestic NTP research and development trace 
their roots to the Project Rover/NERVA (Nuclear Engine for Rocket Vehicle Applications) 
program that was in operation from 1955 through 1973. During that time, multiple NTP 
engines were developed and tested to withstand multiple firing cycles at “very high 
temperatures” (T<2,127°C) [3].  
Great progress was made in the 1960s and 1970s to develop NTP technology. Initial 
NTP fuels were comprised of carbon/carbide composite materials developed by the 
Rover/NERVA program and were designed to withstand operating temperatures around 
2,127°C while remaining intact after tens of firing cycles. Project Rover/NERVA 
employed a strategy of designing, building, and testing prototype nuclear reactors to 
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develop and qualify NTP fuels. This work yielded tens of prototype reactors and “an overall 
system technical readiness level of about 6” [4], which corresponds with technology 
demonstration.  
After the Rover/NERVA program was discontinued, lesser efforts were made to 
model and improve potential NTP fuel technology, but no significant concerted effort to 
revive this technology came to fruition. However, the 2010 United States’ National Space 
Policy states that the US will, “by 2025, begin crewed missions beyond the Moon, 
including sending humans to an asteroid. By the mid-2030s, send humans to orbit Mars 
and return them safely to Earth,” [5]. Work has resumed to qualify a propulsion system 
that uses nuclear fuel with a hydrogen working fluid to support this policy [1]. 
Current development programs expect the modern NTP fuel to withstand 
temperatures from 2,200-2600°C under duty cycle similar to that of Project Rover/NERVA 
[6] because higher operating temperatures of the reactor improve performance. This 
dissertation proposes an experiment and testing strategy that will subject fuel candidates to 
these new service conditions. Materials from these tests will then be subjected to materials 
testing to provide material performance data. This material performance data will be used 
for optimizing and potentially down-selecting the candidate materials for larger scale fuel 
qualification. The material testing is beyond the scope of this dissertation 
This dissertation also describes the development of the OUT-of-pile experiment 
SET apparatus or OUTSET. OUTSET provides the basis for sub-scale reactor-based 
experiments and is engineered to facilitate a low risk transition to full-scale reactor-based 
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testing. The OUTSET design requirements are based on NTP service conditions and other 
constraints provided by the experiment and testing strategy. Specific challenges include: 
• understanding the experiment design requirements for both nonradiation (out-of-
pile), and irradiation (in-pile) environments, 
• preliminary modeling to quantify power and heat transfer requirements and 
transferring these to out-of-pile design parameters, 
• identifying the appropriate materials for OUTSET that maximize the portability of 
outcomes from out-of-pile to in-pile environments, and  
• the devising of a reliable instrumentation scheme for OUTSET to generate 
experiment data well suited to validate thermal performance.  
OUTSET experiment data generated out-of-pile are then used to validate thermal 
performance models to be used to design future in-pile experiments; where combined 
gamma heating and fission sources provide the thermal power. Subsequent in-pile testing, 
that will occur at an existing research reactor, will subject fuel materials to NTP conditions 
including a hydrogen atmosphere and neutron/gamma irradiation fields. While different 
physics establishes heat input conditions for the out-of-pile experiments, the heat transfer 
characteristics are similar for OUTSET and the in-pile experiments. The thermal 
performance data from OUTSET are valuable for reducing uncertainties of in-pile designs. 
1.1 Early Developments in Nuclear Thermal Propulsion (1950s-1970s) 
 
The Project Rover/NERVA, General Electric (GE) 710, and Argonne National 
Laboratory (ANL) 200/2000 are the primary fuel types currently under consideration. The 
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Project Rover/NERVA design utilized a hexagonal binary/ternary carbon composite fuel 
type, where the GE and ANL designs used a hexagonal cermet fuel structure [7]. Images 
of the composite and cermet fuel geometries are seen in Figure 1-1 and Figure 1-2, 
respectively. 
The base materials for both designs are derived from ceramics, refractory metals, 
and graphite structures; each with high melting points and resistance to degradation under 
NTP operating conditions. The Project Rover/NERVA incorporated zirconium and 
niobium refractory metals to form the metal carbides that coat a graphite structure with a 
base fuel of a solidified mixture of spherical uranium particles [8], [9]. The GE and ANL 
designs employed tungsten to form the tungsten metal-uranium ceramic, or cermet, fuel 
structure [7]. These metals and carbides have melting points over 2,700°C. 
The Project Rover/NERVA was the earliest NTP effort, initiated in the early days 
of the space race between the United States and the Soviet Union. It had very strong support 
from both the American government and the general public. Amid the Cold War, funding 
and resources were relatively easy to obtain. Developing this technology required the 
invention of novel technologies especially in the realm of materials but also in nuclear 
reactor technology. This effort required many larger scale experiments that ultimately led 
to full-scale nuclear tests. Figure 1-3, shows the extensive number of major nuclear reactor 
tests that were undertaken throughout the Project Rover/NERVA. Fuel/reactor 
configurations under steadily increasing power ratings were tested, translating roughly to 














Figure 1-3. Major Project Rover/NERVA nuclear reactor tests [12]. 
 
The Project Rover/NERVA yielded successful fuel materials and good 
performance data [13] [14], but most of the fabrication data and technology for this fuel 
format has been lost over time. Likewise, the cermet fuel system was initially investigated 
in the 1960s by GE and ANL, but modern fabrication processes for the cermet fuel system 
such as Excore Scalable Cermet Orbital Repositioning Technology (ESCORT) [9] have 
yet to be qualified. The GE/ANL cermet fuel developments produced much in the way of 
analysis and material selection. However, only unfueled furnace testing was performed on 
the early GE/ANL cermet materials [7]. 
A major testing outcome for the Project Rover/NERVA was the linkage between 
the coefficient of thermal expansion and fuel corrosion. This phenomenon was of interest 
to the program given Project Rover/NERVA fuels were coated with materials that reduce 
reactions between the carbon-based fuel and the hydrogen NTP propellant/coolant [15]. A 
similar strategy was used to protect cermet fuels by cladding them with refractory metals 
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[7]. The thought was that a thermal expansion mismatch between the coating and the fuel 
led to cracks in the NERVA fuel coating or buckling in the cermet cladding; which 
exacerbated fuel degradation. Lyons showed the dependence of corrosion of the composite 
fuel structure as a function of thermal expansion as reproduced in Figure 1-4. Fuel elements 
with a thermal expansion coefficient of 6.1 μm/m-K (right, Figure 1-4)  had a substantially 
larger mass loss than a fuel sample with 6.5 μm/m-K (left, Figure 1-4). 
1.2 Space Nuclear Thermal Propulsion (the 1980s) 
 
The space nuclear thermal propulsion (SNTP) program, sponsored by the Strategic 
Defense Initiative Organization (SDIO), set out to develop a nuclear thermal propulsion 
engine that utilized particle bed reactor technology. Although SNTP gained much from 
earlier works such as the Project Rover/NERVA and the high-temperature gas-cooled 
reactor, significant advancements were required to meet the SDIO objectives. The program 
decided to qualify a baseline fuel particle consisting of graphite coated fuel kernels that 
were encapsulated in Zirconium Carbide (ZrC), as shown in Figure 1-5, through nuclear 
fuel element development tests (NET) [16] and in the critical experiment (CX) [16]. This 
experimentation was to be performed simultaneous with the development of an advanced 
fuel particle with broader operating limits, particularly with a higher melting point and 
operating temperature (>2,700°C), expecting that this final fuel form would be used for the 
SNTP engine. 
Initial tests for the baseline fuel included irradiated particles in the Annular Core 




Figure 1-4. Mass loss of Project Rover/NERVA fuel structure over the length of the fuel element with 








and heating particles in furnaces for particle heating tests. These early experiments were 
intended to gather nuclear and nonnuclear data on mechanical performance, cycling 
capabilities, and temperature capabilities to establish the limitations and failure modes of 
the fuel form [17]. The next phase of testing included both the baseline and advanced fuel 
forms and involved irradiating prototypic fueled pebbles in the CX, located at SNL, and 
fuel elements in NET capsules within the ACRR. The CX tests yielded data used to verify 
calculated neutronic performance of the particle bed and the NET experiments were used 
to learn about fuel element performance and verify concurrent simulation efforts of NET 
that would support future experiments [16].  
The NET experiment phase was the high-water mark of the testing efforts for the 
SNTP program. This irradiation experiment plan was sectioned into four phases, where the 
research team methodically increased fuel-element powers/bulk-reactor operating 
temperatures in order to find a fuel element that could perform with advanced fuel particles 
at temperatures exceeding 2,700°C. Table 1-1 shows the NET test matrix. The NET 1.2 
test was the only experiment completed before the termination of the project. It was heated 
by fuel fission and cooled with -123°C hydrogen. The literature indicates that an initial test 
was satisfactorily completed, but a second test was inadequate, causing cracks that led to 
the fuel particles migrating into the experiment’s center channel and thereby causing power 
irregularities [16]. Corrections were made to the experiment design to alleviate these 
issues, but the SNTP program was terminated before additional in-pile testing took place. 
The SNTP program was discontinued in 1994, but there remained a few other 
experimentation and testing facilities engaging in design or installation of the objectives of  
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Table 1-1. Nuclear fuel element development test (NET) matrix [16]. 
 
 
SNTP to some degree. The most important of these were the Particle-Bed Reactor Integral 
Performance Element Tester (PIPET) critical facility and the San Tan Hydrogen Test 
Facility. PIPET was to drive fuel to prototypic temperatures. PIPET never moved out of 
the design phase before SNTP was terminated. The San Tan Hydrogen Test Facility was 
intended to serve as a site for testing subsystems and components in high temperature 
flowing hydrogen. It was to be located San Tan test site in Arizona but was never used 
before the end of the SNTP program. Haslett’s report [16] provides a full summary of these 
facilities. 
Fuel thermophysical properties played a significant role in fuel failure during the 
ACRR NET tests. Like those experiments performed during the Project Rover/NERVA, a 
thermal expansion mismatch caused the fuel to fail and ultimately led to NET test failure 
[16]. The delay and expense of fuel failures in a reactor test contributed to the 
discontinuation of the NET test program. SNTP relied on designing and building custom 
facilities to support the qualification of the fuel assemblies. The CX, PIPET, and the San 
Tan hydrogen test facility are examples of this. Establishing these facilities took 
Test Condition NET-1 NET-2 NET-3 NET-4 
Max. H2 Outlet Temp (K) 2300 2500 3000 >3000 
H2 Inlet Temp (K) 150 150 150 150 
Specific Power (MW/l) 1.5 5 5 5 
Fuel Bed Length (cm) 25 10.6 10.6 10.6 
Fuel Type UC2/ZrC UC2/ZrC UC2/ZrC UC2/ZrC 
Cycles to Maximum Temp 2 2 30-50  
Nom. 235U Mass (g) 400 125 TBD TBD 
Nom. Fuel Volume (cm3) 300 140 140 140 
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considerable time and project funding. Ultimately, “adequate funding support for the 
national ground test facility was not obtained,” [16].  
1.3 Modern NTP Testing Facilities (the 2000s–Present) 
 
The National Aeronautics and Space Administration (NASA) NTP program 
developed two nonreactor test facilities that are located at the Marshall Space Flight Center. 
The Nuclear Thermal Rocket Element Environmental Simulator (NTREES) uses a 1.2 MW 
induction heater, to take unfueled NTP test articles to prototypic temperatures under 
vacuum or other gas atmospheric conditions [18]. The Compact Fuel Element 
Environmental Test (CFEET) can deliver 50kW of power for induction heating and is 
intended for hot hydrogen testing of sub-scale nuclear thermal propulsion fuels. These test 
facilities cannot utilize fission as a heat source. They are predominantly used to perform 
experiments to understand the separate effects of thermal cycling and atmospheric 
composition on fuel or fuel surrogate test articles. 
1.4 Summarization of Historical NTP Testing Capabilities  
 
The needs and methods for qualifying fuels remained consistent throughout the 
Project Rover/NERVA, GE/ANL, and SNTP Periods Of Progress (POP). For each project, 
the fundamental challenge remained to develop a fuel form that would survive prototypic 
NTP temperatures and corrosive/erosive hydrogen propellant atmospheres. The Project 
Rover/NERVA work was able to produce a working carbon/carbide composite fuel form 
that was able to survive multiple firing cycles at temperatures in excess of 2,127°C (2,400 
 
12 
K). Graphite readily reacts with hydrogen at high temperatures, requiring this fuel form be 
coated with a hydrogen resistant refractory carbide coating to reduce fuel mass loss during 
operation. Coating failures that exposed the carbon-based interior of the fuel were shown 
to be problematic for the Project Rover/NERVA development. Lyons’ report [10] 
concluded that thermal expansion mismatch between the carbon composite and the carbide 
coating led to the thermally induced stress that resulted in cracked coatings. Likewise, 
thermal expansion mismatch between fuel and coating led to pebble fuel failure in the early 
iterations of the NET test during the SNTP program. These programs identified that 
understanding thermophysical properties are crucial to the success of developing a robust 
NTP fuel form. With the Project Rover/NERVA and SNTP programs, this data was 
gathered during radiation testing. Engineers learned about the issues with thermal 
expansion after fuel failures from in-pile tests.  
The literature indicates that a capability for measurement of thermophysical, 
mechanical, and nuclear performance characteristics must be available to support the 
revitalization of fabrication capability and qualification of NTP fuels [19]. Moving 
forward, the NTP fuel qualification strategy must provide means to test fuel candidates to 
gather this data throughout the qualification process, including sub-scale specimen out-of-
pile & in-pile testing, to ensure these parameters are well characterized and potential fuel 
systems can be either down selected or further optimized to maximize fuel performance in 
an efficient and cost-effective manner. Domestic research reactor capacity is greatly 
diminished from the days of Project Rover/NERVA and GE-700 [20]. To effectively select 
viable fuels for NTP systems, a method of rapidly testing these fuel materials must be 
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established. NTREES and CFEET, both of which are out-of-pile experiment facilities, are 
capable of thermally cycling specimens and look for failures by analyzing the exhaust gas 
composition. Sub-scale out-of-pile experiments like OUTSET or CFEET also allow fuel 
developers to test various materials against established performance specifications and 
optimize or abandon candidates as necessary before proceeding to the more expensive in-
pile experiments. OUTSET is also designed to transition to in-pile testing in a domestic 
research reactor. The CFEET design restricts that device to only out-of-pile test conditions, 
and in-pile data are required for fuel qualification. 
It is estimated that testing of nuclear-fueled specimens of more prototypic sizes 
would cost in the range of tens to hundreds of millions of dollars [21]. NTP does not enjoy 
the government and public support of the early Project Rover/NERVA days and no 
program can sustain a fuel development process that requires potentially scores of large-
scale critical test iterations. Therefore, a strategy for testing fuels in-pile is proposed that 
relies on the existing research reactor fleet. OUTSET provides a pathway to gather 
performance data, build design tools, and demonstrate the feasibility of future in-pile 
phases of the fuel NTP qualification process. Large-scale reactor tests remain necessary, 
but the utilization of sub-scale testing for producing optimized fuels and components can 






THE NTP FUEL AND COMPONENT MATERIAL TESTING 
STRATEGY 
The strategy described in this chapter progresses from out-of-pile testing to in-pile 
testing by utilizing a general experiment design and an existing domestic host reactor. Most 
of the information in this chapter comes from a report, ORNL/TM-2017/376––
“Technology Implementation Plan: Irradiation Testing and Qualification for Nuclear 
Thermal Propulsion Fuel” ––which was primarily written by this author in 2017 [22]. 
Benensky and Qualls [6] authored an NTP fuel qualification plan that established several 
technical focus areas that needed to be addressed to develop NTP fuels successfully. The 
plan specifically calls for out-of-pile surrogate fuel testing, in-pile testing, and post-
irradiation examination (PIE). These phases are the framework of the strategy laid out here. 
2.1 Testing Strategy 
 
Phase 1 of the strategy, which centers around the OUTSET experiment, consists of 
performing out-of-pile tests on sub-scale [6] surrogate fuel specimens; i.e. specimens that 
do not contain nuclear fuel. Current out-of-pile tests such as CFEET are already capable of 
testing fueled specimens. Therefore, the scope for OUTSET does not include fueled 
specimens to reduce the experiment complexity and focus on demonstrating OUTSET 
thermal performance. The testing methods include exposing the material to elevated 
temperatures so that researchers can generate test articles for subsequent thermophysical 
property and material property testing. While CFEET is capable of exposing specimens to 
hydrogen gas, OUTSET is not capable of delivering hydrogen to specimens. This challenge 
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must be addressed in future work. Upon successful completion of the surrogate out-of-pile 
tests, the program will shift to phase 2 which includes performing in-pile sub-scale 
surrogate and fueled specimen tests. These tests shall emulate the conditions established 
under phase 1 so that researchers can understand the effects imparted by neutron irradiation 
on the samples. Phase 2 will have an experiment enclosure with a design that is based on 
the phase 1, OUTSET, enclosure. Under phase 2, further fuel optimization and down-
selection occurs until researchers arrive at a viable NTP fuel form accompanied by an 
appropriate fabrication process of record.  
A series of full-scale in-pile experiments are conducted during this last phase. This 
effort will expose fuel forms made to prototypic geometries to prototypic and limiting NTP 
service conditions to establish optimized fuel form performance data. This third phase will 
rely on both large-scale irradiation experiment facilities and full-scale reactor ground tests. 
Instrumentation and experiment design practices will evolve as the strategy unfolds, 
coupling phases one and two to the integral testing performed in phase 3. PIE will be 
conducted during phase 2 and 3 testing. This process will include a destructive and 
nondestructive examination of fuel samples to extract thermophysical and mechanical data, 
yielding the fuel material performance characteristics. A flow chart of the technology 
implementation plan can be seen in Figure 2-1. The focus of this dissertation is phase 1 of 
the fuel testing strategy; specifically, the blocks shaded in blue. 
2.2 Experiment Requirements 
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Figure 2-1. Flow chart for the NTP fuel and component testing strategy. Contributions of this dissertation 
are shown in the blue shaded regions. [22]. 
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models of the thermal performance of OUTSET can then be used to design future 
experiments in the research reactor core. The design requirements for OUTSET are not 
limited strictly to attaining NTP service conditions out-of-pile, but also pertain to 
generating validation data for the performance of the in-pile experiment. OUTSET design 
requirements include: 
1. Materials selection: OUTSET composition should be based on ease of fabrication, 
application compatibility, and reduced neutron activation. Although OUTSET will 
not be exposed to neutron irradiation, it is the basis for future versions of the in-pile 
experiments used in phase 2 of the testing strategy. Therefore, containment 
materials and internal components will be selected with fabrication, thermophysical 
property compatibility, and neutron activation in mind. Reducing fabrication costs 
and post-irradiation handling and processing costs for in-pile experiments aligns 
with the goals established in the NTP fuel testing strategy. 
2. Flexibility to accept various instrumentation techniques and electrical power 
delivery: Obtaining reliable OUTSET performance is crucial to the phase 1 
mission. Thermocouples are a common instrument for measuring temperature. 
High-temperature thermocouples made from tungsten-rhenium alloys have 
operating temperatures up to around 2,700°C [23], and commercial instrument 
interfaces are available. However, alternate instrumentation forms should be 
implemented to gather additional redundant temperature information.  
3. Ability to provide and maintain a well controlled atmosphere: The gas 
atmosphere type and pressure may be modulated to control power rejection by 
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convection and sample temperature. Also a well-controlled atmosphere is required 
to protect the experiment samples from contamination. 
4. Provide thermal cycling: OUTSET must be able to thermally cycle specimens at 
maximum rates on the order of 20-50°C/s. The NTP reactor is planned to operate 
predominantly at steady state conditions, but it is expected that the start-up and 
shutdown transients will be challenging to the NTP fuel forms. 
5. Temperature control and thermal management: NTP fuel has a target power 
density of 5 MW/l and NTP fuel temperatures [1]. OUTSET must be designed to 
accommodate heat removal and attain steady state NTP component temperatures. 
Preliminary tests are conducted under vacuum conditions to demonstrate that the 
OUTSET enclosure and internal components can reliably survive these conditions. 
Vacuum conditions force the internal components of OUTSET to reject heat mostly 
through radiation. However, the apparatus shall be designed to also be operated 
under an inert gas atmosphere (helium or argon) to facilitate heat transfer through 
both convection and radiation for higher power experiments. The outside of the 
enclosure must have cooling and be compatible with water, given forced light water 
convection cooling is generally standard at the candidate research reactor sites that 
will be used for phase 2 testing.  
6. Standardization of specimen geometry: OUTSET will seek to accommodate a 
general standard specimen geometry. The specimen geometry is designed to easily 
transition from OUTSET to subsequent thermophysical and mechanical property 
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testing. The sample size for the in-pile and out-of-pile experiments is set by the 
methods available for material property testing. 
2.3 Chapter Summary 
 
Qualifying NTP fuels requires a well-formulated strategy to effectively 
examine and optimize candidate fuel forms through out-of-pile testing, irradiation 
testing, and PIE. Out-of-pile experiments are designed to inform subsequent in-pile 
experiments. A precise set of design requirements is essential to ensuring OUTSET 
will produce thermal performance data that is suitable to validate future models used 
in later phases of the testing strategy. The OUTSET enclosure design must be easily 
fabricated and minimally activated by a neutron field. The experiment must be able to 
heat & cool the specimen region and interface with a standardized specimen geometry 
suited to facilitate NTP fuel characterization. Lastly, it must properly manage thermal 






OUTSET EXPERIMENT DESIGN  
3.1 Materials Selection  
 
The OUTSET design is consolidated into four primary components: (1) the 
enclosure, (2) the insulation, (3) the power and instrumentation penetration points, and (4) 
the specimen. Figure 3-1 shows a hypothetical design of OUTSET and these primary 
components. The enclosure provides structure, atmosphere/vacuum conditions, and a heat 
transfer circuit. As a starting point, the initial OUTSET size constraints were selected to 
allow the experiment to fit into common irradiation sites at the High Flux Isotope Reactor 
(HFIR) and the Advanced Test Reactor (ATR), which are cylindrical with a diameter of 
3.8 cm [24] [25]. Many materials may facilitate these functions, so an efficient method for 
down selection must be employed to find the optimal materials. Ashby developed a 
technique that includes translation, screening, and ranking of candidate materials to 
determine the most favorable option [26], based on specific criteria. The enclosure is the 
primary pressure boundary for the experiment. The maximum pressure loading that in-pile 
experiment enclosures will experience depends on the host reactor. Reactors such as the 
HFIR and ATR operate at less than 3.5 MPa. This loading condition yields a strength 
limited design which includes examples such as loaded cylinders and compression-loaded 
columns. Ashby states that a strength-limited design should optimize the specific failure 
stress �𝜎𝜎𝑓𝑓
𝜌𝜌
� material index [26]. Note this proposed design does not consider H2 gas, which 




Figure 3-1. Notional OUTSET experiment design outlining the four primary components. 
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index normalizes failure stress (𝜎𝜎𝑓𝑓) to material density (𝜌𝜌), which has units of (J/kg) and is 
the classical form of the index developed by Ashby and shows the failure stress to be of 
exponent order one. A discriminant line of slope of one can be used to evaluate materials 
in the Ashby charts produced by the CES Granta software [27]. The enclosure should be 
similar to the one used in a reactor for phase 2 in-pile testing, so only the metals family are 
considered for enclosure material candidates because other nonmetal materials are 
generally not compatible with reactor environments. The material optimization exercise 
yielded Mg alloys, Al alloys, Ti alloys, and low alloy steels as good candidates. Figure 3-2 
shows the Ashby plot detailing these data. 
Since magnesium and carbon steel alloys are not very resistant to water corrosion 
[28] [29], these materials were eliminated from the list  and  only aluminum and titanium 
alloys remain from the provided data set. Although they were eliminated during the 
material index phase, stainless steel alloys are very resistant to corrosion, have good 
strength, and have been used for earlier irradiation experiments [30] [31]. Therefore, 
stainless steel alloys were also considered as a potential candidate. 
Further characterization of performance parameters must be performed to select the 
optimal material. Specific parameters of interest include weldability, thermophysical 
properties, and radiation tolerance. The weldability is important, as the bolt-on lid of the 
initial OUTSET enclosure design shown in Figure 3-1 may not be considered for use in in-
pile experiments. The author chose to compare these alloys by rank using numeric 
assignments of -1 for unfavorable, 0 for neutral, and 1 for favorable. The evaluations are 




Figure 3-2. Optimized material selection for enclosure from material index σf/ρ (generated in CES Granta). 
 
Table 3-1. Comparison and ranking of suggested containment materials. 





Aluminum alloys -1 1 1 1 
Stainless steel alloys 1 1 -1 1 





Down-selection within these categories are based on a relative comparison of each 
of the parameters concerning the metal-specific performance. Specifically, welding 
aluminum alloys can be challenging due to the formation of porosity in the weld joint due 
to surface contaminations (Al2O3 corrosion layer, hydrocarbons, contaminated shield gas, 
etc.) and dissolution of hydrogen gas from the weld metal during solidification [32]. 
Conversely, stainless steel alloys have good weldability, as do titanium alloys that have 
been welded under a tightly controlled atmosphere [33] [34].  
Thermal performance of containment material also needs consideration. Thermal 
conductivity of the container impacts OUTSET heat transfer. Aluminum alloys have values 
of thermal conductivity around 180 W/m-K, stainless steels are roughly 14 W/m-K, and 
titanium alloys are around 6 W/m-K [35]. Considering this comparison, aluminum and 
stainless steel are given a favorable ranking, while the titanium alloys are given a neutral 
ranking. 
The final parameter considered is radiation tolerance and activation. While all 
materials have reasonably good resistance to irradiation damage (i.e., swelling and 
embrittlement), stainless steel tends to experience high neutron activation with relatively 
long-lived isotopes such as 59Fe and 60Co. The decay schemes of these two isotopes 
produce high energy gamma rays with more difficulties in shipping, handling, and disposal. 
Obtaining low-activation stainless steel is possible, but expensive. Based on this ranking 
system, a titanium alloy is the recommended choice for an in-pile enclosure, given that it 
is considered as a reduced activation material [36].  
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For in-pile experiments, the bulk material consists of titanium alloys, which are 
commercially available in a wide variety of shapes. Specifically, the likely candidates for 
containment materials are grades 9 and 5 titanium alloys. Most of the enclosure is 
fabricated from off-the-shelf components to reduce cost and complexity. Using this 
approach alleviates the need for custom tooling and fabrication processes. When welding 
is needed, grade 9 titanium (ASME Boiler and Pressure Vessel Code, section IX base metal 
designation P-53) is compatible with grade 5 titanium (base metal designation P-none, 
UNS R56400) [37]. Oak Ridge National Laboratory (ORNL) and others have 
demonstrated this capability; ORNL has weld parameters available from their welding 
program [38]. Grade 9 titanium can be used for the tubular section of the enclosure due to 
its availability in extruded tubular form. Sandvik, a metal tubing manufacturer, fabricates 
grade 9 titanium tubing to ASTM B338, which controls chemical composition, mechanical 
properties, etc. [39] [40]. Sandvik claims that many tubing/wall thickness combinations are 
feasible for fabrication. See Figure 3-3 for the principal size ranges for grade 9 titanium 
seamless tube; the target range for the enclosure wall is circled in white. Note that both 
stainless steel and titanium alloys are suitable out-of-pile enclosure material.  Stainless 
steel 304L parts were used to fabricate OUTSET. 
The containment enclosure must be sufficiently insulated to allow specimens to 





Figure 3-3. Principal Size Range for Seamless Tube and Pipe [40]. 
 
• Good stability at high temperature 
• Reasonable pliancy and thickness 
• Well-characterized thermal conductivity at high temperatures 
• Usability in vacuum and inert atmospheres. 
SIGRATHERM GFA soft graphite felt, produced by the SGL Group, was selected 
as the insulation. This material is in the form of flexible, soft felt and is manufactured in 
thicknesses between 3–11.5 mm. SIGRATHERM has an extremely low range of thermal 
conductivity (~0.13 W/m-K at 1,027°C) and has a usable range  as an insulator up to about 
2,200°C [41]. It can be used for vacuum and inert atmospheres, with comparable thermal 
conductivity performance over a wide temperature range, as seen in Figure 3-4. The 
literature does not state the inert gas or gas pressure used to perform the thermal 




Figure 3-4. SIGRATHERM GFA Thermal Conductivity as a Function of Temperature [41]. 
 
literature about radiation heat transfer within the felt, so it is assumed that the manufacturer 
has lumped the thermal conductivity in with some effective radiative thermal conductivity. 
Another parameter is insulator performance in a neutron irradiation field. Graphite has a 
long history of application in nuclear environments and is predominantly known for its 
neutron moderation properties. Graphite tends to swell under irradiation due to neutron 
damage, leading to a sizeable increase of internal energy in the material. The stored energy 
can spontaneously release (referred to as the Wigner effect) at a threshold irradiation 
temperature of roughly 200 °C [42]. However, the density of the felt is roughly 4 percent 
of the density of solid graphite [35] [41], so any negative impacts on the insulator’s thermal 




3.2 Flexibility to Accept Various Instrumentation Techniques and 
Electrical Power Delivery 
 
Thermocouples were selected as the primary direct measurement interface. However, 
an appropriate thermocouple electric feedthrough is needed to instrument OUTSET. A 
wide range of vacuum products that facilitate this function are commercially available. 
Vendors include Kurt J. Lesker Company and MDC Vacuum Products, LLC. The MDC 
9392008 power and instrumentation feedthrough with a Conflat® 1.33 flange was selected 
for this purpose. The Conflat® fittings are the interface for this design and can be bolted 
to mating flanges that are installed onto the container and maintain hermetic seals capable 
of high vacuum conditions (pressure less than 1.3 × 10-13 Torr) over a temperature range 
that spans -200–450°C [43].  
Aside from being vacuum tight and pressure resistant, these flanges can be 
configured or modified to contain feedthrough power connections, tubing fittings, and 
optical windows. This flexibility provides the capability to install the instruments, as well 
as the power to heat OUTSET and collect the benchmark data. These flanges may not be 
appropriate for in-pile experiments, as those enclosures may be required to be sealed 
through some more permanent method such as welding. 
The MDC 9392008 feedthrough consists of two nickel leads that supply electrical 
power to the specimen for heating and two type-C thermocouple connection wires used to 
provide an instrumentation interface for thermocouples. The power feedthrough has a 
recommended maximum current limit of 15 A. Molybdenum is a refractory metal that has 
a 2,623°C melting point, excellent electrical conductance, low thermal expansion 
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coefficient, and it is also very stable under inert/vacuum conditions and in neutron and 
gamma irradiation fields. Molybdenum wire with 0.51 mm diameter is selected to fabricate 
the electrical leads and will connect the experiment heater to the nickel leads of the power 
feedthrough.  
Commercially available Omega™ model T5R-015-12 type-C thermocouples were 
selected for their ability to operate up to 2,760°C. type-C thermocouples are fabricated by 
making a junction between tungsten-5% rhenium and tungsten-26% rhenium wires. See 
Figure 3-5 for an image of a prototypic T5R-015-12 type-C junction with a wire diameter 
of 0.381 mm. These thermocouples conform to a measurement uncertainty of 1% at 
temperatures higher than 500°C. A specification sheet for this instrument can be found in 
Appendix I. Ungrounded, sheathed type-C thermocouples are available, but do not meet 
the current size constraints of OUTSET. 
The vendor claims that this NIST traceable calibration is applicable up to 2,760°C 
in hydrogen, inert gas atmospheres, and in vacuum. These conditions are relevant for all  
 
 




benchtop experiments, but the type-C thermocouples may be less useful in radiological 
tests due to the large neutron absorption cross sections of some tungsten and rhenium 
alloys; which may lead to excessive heating or transmutation of material in the instrument. 
Excessive heating may bias the thermocouple performance and, the Seebeck coefficient 
may change as the material composition changes due to nuclear transmutation [44]. 
Therefore, type-C thermocouples may only be useful in low neutron fluence tests.  
As for thermocouple instrumentation support, an Omega™ HH1384 thermometer 
is used to display and log thermometry output from OUTSET trials. This digital unit has 
four input channels and a data logger that is compatible with type-C thermocouple 
temperature sensors. Temperature output follows the international scale of 1990 (ITS-90). 
The user guide for this instrument can be found in Appendix I.  
Melt wires have a well-characterized melting point and allow researchers to place 
a wire in locations of interest to verify whether those locations reached the melting point 
temperature by observing a solid-to-liquid phase change in the wire. The use of melt wires 
as temperature monitors to verify peak operating temperatures, especially for nuclear 
applications, is widely accepted [45] [46]. Iridium-40% platinum melt wires that have a 
~2,250°C melting point [47] are incorporated into the specimen region to provide 
confirmatory centerline temperature information for some OUTSET experiments. This 
noble metal alloy was also selected because it would not react with the specimen region 
components and change the wire melting characteristics. 
Another method for measuring high-temperature experiments is to employ an 
optical measurement system such as pyrometry, or some infrared emission measurement 
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device. The work produced by Matsumoto et al. demonstrated that the spectral emissivity 
of graphene at elevated temperatures (~2,200-2,300°C) peaks at wavelengths between 
0.5μm -2.0 μm [48], which resides within the short-wave infrared spectrum. A FLIR 
A6261sc SWIR camera was obtained to measure specimen surface temperatures. These 
measurements can be made from observed light being emitted from an aperture/penetration 
through the containment wall, which provides a direct line of sight between the Conflat® 
viewport to the specimen surface.  
The A6261sc SWIR camera was purchased with two notch filters; the ND1 filter 
that has an applicable minimum range of 400-1,200°C±6°C maximum and the ND3 of 
1,100-2,200°C±24°C maximum. The camera was factory-calibrated to generate non-
uniformity compensation (NUC) files appropriate to the specific filters, which are used to 
convert photon counts into temperature information. When loaded, the NUC calibration 
files and filters prohibit the camera from sensing SWIR light that resides out of the 
spectrum of interest; thereby reducing stray light reflections, noise, etc. that may produce 
measurement uncertainty. The camera is tested using the ND3 filter, supporting NUCs, and 
a stock SWIR compatible f/1.8 50mm lens for OUTSET temperature trials. The camera 
can be seen in Figure 3-6. 
3.3 Ability to Provide and Maintain a Well Controlled Atmosphere 
 
Given the need for achieving high operating temperatures, the enclosure was 




Figure 3-6. FLIR A6261sc SWIR camera. 
 
is preferred for use as a getter material due to its relatively high getter capacity (4.4 Pa- 
l/mg for O2 at 20°C) in a vacuum/inert atmosphere [49] to eliminate any residual oxygen 
release during experiment operation.  
The experiment enclosure is connected to an Adixen ASM340d leak detector, 
which was used to impart the vacuum atmosphere and to test the hermetic seal of the 
containment. The Adixen ASM340d contains an oil-free (turbo) pump vacuum system that 
can detect various helium isotopes (4He and 3He). It has a minimum detectable leak rate of 
5·10-12 cm3/s under high vacuum and an operating temperature range of 0-35°C. A data 
specification sheet for this item can be found in Appendix I. Although the experiment can 
be evacuated through other pumping systems, the Adixen ASM340d is specifically chosen 
for this purpose because it is directly used to verify that OUTSET is hermetically sealed; 
which is crucial given the heavy reliance of the experiment on oxidation-sensitive 
refractory metals and carbon materials. Hermeticity is verified by evacuating OUTSET to 
1-2×10-2 mbar and imparting a gross stream of helium on each of the Conflat® flanges. 
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Helium that permeates the leaking joints will be swept into the detector ion chamber and 
the instrument will alarm. Perfect leak tightness is challenging to achieve, but the helium 
leak rate achieved by OUTSET is on the order of 1·10-9 std. cm3 (He)/s to 1·10-7 std. cm3 
(He)/s, which is the common acceptance criteria used by the ORNL non-destructive 
examination group for irradiation capsules [50]. 
3.4 Provide Thermal Cycling 
 
The vacuum and gas service connections are made with Swagelok® fittings and 
connect to a ¼ inch tube that is welded to the SWIR viewport. This interface allows 
OUTSET to be rapidly evacuated and backfilled with an inert gas to cool the experiment 
after a trial is completed. The work described in this dissertation utilizes the vacuum and 
gas service connections to evacuate the enclosure. It does not consider using inert gas to 
rapidly cool specimens and using backfill gases to facilitate NTP fuel power density 
experiments. Future work is needed to incorporate a system to explore these conditions. 
3.5 Standardization of Specimen Geometry 
 
Common diagnostic and testing techniques to quantify fuel material properties 
include mechanical testing, investigating microstructure morphology, and assessing fission 
gas retention. These properties are important for all phases of the fuel life, and a series of 
out-of-pile and in-pile material environmental exposure histories are required to attain 
these data. Developing a multipurpose specimen geometry that provides flexibility to 
gather the broadest set of these properties is critical to making the OUTSET experiment 
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format suitable for fuel testing. The American Society for Testing and Materials (ASTM) 
provides guidelines for selecting standard sample sizes corresponding to most of these 
testing methods. Mechanical property test specimens are usually limited to grain size 
relative to the specimen test section size. Since NTP fuel and components are not fully 
developed, it is currently impossible to know grain size and structure. 
The conventional transmission electron microscopy (TEM) sample geometry is 
independent of material grain size. The disk sample is 3.0 mm in diameter and 0.1 mm 
thick. Nuclear fuel interrogation with TEM is widely accepted as a leading assessment tool 
because it can provide information on material microstructure as a result of neutron 
damage, thermal effects, and fission [51] [52]. 
Thermophysical property data are also of interest for characterizing NTP materials. 
Laser flash diffusivity is a technique that measures thermal diffusivity, heat capacity, and 
thermal conductivity [53]. It has been demonstrated that this method can utilize 3 mm 
diameter by 3 mm thick cylindrical specimens to obtain accurate thermophysical property 
data [54]. 
The specimen geometry used by OUTSET is a right round cylinder that utilizes the 
TEM disk diameter of 3.0 mm, and a length that varies from 0.1–3.0 mm. Such a sample 
can yield a single laser flash diffusivity specimen, or from 1 to 30 slices to produce TEM 
disk samples. These particular specimens will provide thermophysical property data, 
mechanical data, and fission gas retention for fuel qualification. Subsequent versions of 
OUTSET may be dimensionally scaled to allow for longer specimen geometries, but it is 
recommended that the diameter of the cylindrical specimen remain at 3.0 mm to reduce 
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post-irradiation sample machining and preparation in phase 2 tests until specimen material 
parameters like grain size can be quantified and used to fabricate specimens in accordance 
with ASTM standards. 
3.6 Temperature Control and Thermal Management 
 
A primary goal of OUTSET is to demonstrate feasibility and repeatability of the 
experiment’s ability to expose specimens to prototypic conditions. This can be shown by 
thermally characterizing the enclosure and validating predictive thermal models. The NTP 
fuel operating temperature is 2,500°C. Successfully heating an NTP specimen and 
adequately managing the system’s thermal loads is necessary for producing a successful 
out-of-pile experiment. Scoping calculations are useful to test preliminary design decisions 
and understand the feasibility of a design. For the OUTSET case a preliminary scoping 
calculation, detailed here, was developed to understand upper limit heat transfer 
magnitudes and heat input requirements needed to drive samples to NTP prototypic 
temperatures under out-of-pile boundary conditions. This information is needed to 
appropriately select power supplies and electrical power delivery components.  
The conceptual CAD design of OUTSET seen in Figure 3-1, which was based on 
the experiment requirements, was used to support the scoping calculation. An (r-θ) finite 
element analysis model was generated from that initial model to represent the basic 
components of the experiment, which include: 
• the specimen that is modeled as Pure Oil Company (Poco) grade AXF-5Q graphite, 
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• a generic insulating graphite felt, with a constant thermal conductivity of 0.9 W/m-
K & Poco graphite thermophysical properties, and  
• the containment that is modeled as commercial Ti-6Al-4V (i.e., grade 5 titanium).  
The CAD geometry and subsequent finite element model can be seen in Figure 3-7. The 
radial geometry of the enclosure was set to be compatible with irradiation sites common to 
the HFIR at ORNL and the ATR at INL, and the internal components were sized to fit 
within the enclosure. The model enclosure and insulation materials were selected based on 
the decisions made in Section 3.1. 
The heated specimen region, or carbon specimen, in this model does not represent 
the discrete specimen described in Section 3.5. Instead, the specimen region is defined to 
be a solid monolithic piece of Poco graphite and is larger than the intended specimen 
described in this section to establish a bounding input energy. Poco graphite was selected 
to represent the specimen in this scoping analysis because its thermophysical properties are 
well documented, it has near-blackbody emissivity, and it has a melting point greater than 
3,000°C. Thermophysical properties used for these materials were obtained from the 
literature [35] [55]. As indicated earlier, the graphite specimen region is assumed to have 
a 1.2 cm diameter and is separated from the graphite insulative felt by a 5 mm radial gap. 
This gap is considered to be evacuated and the only heat transfer mechanism between the 
specimen and felt is thermal radiation. The felt outer face is in direct contact with the inner 
face of the titanium containment, which provides a heat conduction path at the boundary, 













region appears in Figure 3-8 appears to be a cylinder coaxially nested within an annulus. 
This feature was implemented to provide material selection flexibility within the model to 
designate different materials for a specimen outer containment. However, the specimen 
region is considered to be a single homogeneous part for the sake of the analysis detailed 
here.  
ANSYS finite element analysis software includes a suite of verified heat transfer 
solution methods which are used to solve the thermal enclosure heat transport. However, 
custom contact conductance methods developed by researchers at ORNL were 
incorporated to simplify the modeling of the heat transfer between the insulation and the 
enclosure contact interface [56]. These methods were used specifically because they mesh 
the interstitial spaces between bodies within the model and treat them as being gas filled. 
For the 1-D model, the spaces were filled with a gas with a thermal conductivity of 1×10-6 
W/m-K to simulate vacuum. These methods also perform a simplified radiation heat 
transfer calculation that assumes all radiated energy is transmitted in the direction normal 
to the emitting face. This method is appropriate for one-dimensional calculation but will 
be less accurate for higher dimension problems.  
The model was meshed in ANSYS Workbench 16.2 using 2-dimensional (2D) 
thermal elements (PLANE77 2D 8-Node thermal solid element) [57], as seen in Figure 3-8. 
Note that a 2D element was used, while the model technically varies in one-dimension (r), 
it exploits a symmetry angle of 360° to create a two-dimensional (r-θ) analysis. Note that 
the model is assumed to extend infinitely in the z direction. The minimum element size for 
this model is 5×10-4 m. The enclosure outer surface was set to 50°C for these simulations, 
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which corresponds to the coolant temperature of the HFIR and ATR. The convective heat 
transfer coefficient produced from reactor coolant flowing over the exterior of the 
enclosure is on the order of 30-40 kW/m2-K for normal HFIR operations [58] [59]. 
Assuming the heat flux for this preliminary model is (1,000 W/2×10-3m2) = 500 kW/m2, 
the temperature difference between the bulk coolant temperature and the enclosure surface 
temperature is on the order of 10°C. Given the actual bulk coolant conditions range from 
reactor to reactor, and the temperature impact due to convection is small compared to NTP 
prototypic temperature, this effect is neglected and addressed later in the formal model 
validation section detailed in Chapter 5. The mass-specific heat generation rate {W/kg} is 
applied to graphite specimen material to simulate a heat input. There is a known density 
{kg/m3} used to describe the specimen and the product of the heat generation rate and the 
density yield a volumetric heating quantity {W/ m3}. Given that the geometry of the 
specimen diameter was fixed to 1.2 cm to produce a constant cross-sectional area {m2}, 
the product of the volumetric heating rate and cross-sectional area revealed the linear 
heating rate {W/m}. Once a given linear heating rate was applied, a radial temperature 
distribution is established based on the system’s heat transfer characteristics. For this 
scoping case, the heat generation rate used was 190 W/g. This value was converted to a 
linear heating rate by the method described above to produce a value of 42.9 kW/m. 
Note that the structural degrees of freedom of the model were not considered for 
this preliminary analysis. The structural containment will not be exposed to high pressure 
or mechanical loading. The enclosure vessel will be fabricated from (1) off-the-shelf 
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vacuum fittings which were rated for much higher loads, and (2) a metal tube section with 
a substantial wall thickness, which is assumed to be sufficient at this time.  
Thermal expansion was also not considered in this scoping analysis. The surrogate 
fuel specimen is coaxially located within the graphite felt and the two bodies are separated 
by roughly a 5 mm gap, and the specimen diametrical change due to thermal expansion is 
on the order of 260µm at 2,500°C. Therefore, the specimen and felt will not come into 
contact when the specimen is at NTP prototypic temperatures. However, in later tests, inert 
gas is expected to be introduced and heat conductance through the gas gap will occur. 
Conductance lengths, which are a function of specimen size, will become sensitive to small 
changes, and thermal expansion of Poco graphite is on the order of one percent at 2,500°C 
[60]. Therefore, thermal expansion may become significant when testing prototypic fuel 
geometries in inert gas and should be estimated when analyzing these conditions. 
Results from the thermal analysis can be found in Figure 3-9 and tabulated in Table 
3-2. The derivation of these results may be found in Appendix II. The ANSYS output was 
verified against a 1-D closed form formulation of the model. Neither the specimen nor any 
other parts are near their respective reported melting points. However, it is important to 
show that a safety margin of at least 100°C is available. Also notice the peak specimen 
temperature is 2,549°C, which is just over the target temperature of 2,500°C. The surface 
temperature is 2,423°C, and there is a 126°C temperature drop across the specimen.  
This preliminary finite element analysis demonstrated the feasibility of the 
preliminary OUTSET configuration to achieve steady-state target temperatures with 




Figure 3-9. Radial temperature distribution (left) and temperature contour plot (right) for the cross-sectional 
analysis results (°C) of the preliminary OUTSET analysis results. 
 
Table 3-2. Temperature results for the radial 1-D OUTSET finite element analysis with a 42.9 kW/m linear 













Specimen POCO graphite 2,486 2,423 2,549 3,650 
Insulator SGL graphite 1,002 213 1,965 3,650 





requirements of the experiment by varying the heat generation rate of the specimen to 
achieve steady-state target temperatures around 2,500°C. 
Assuming preliminary heated specimen geometry is 1.2 cm diameter × 2.0 cm in 
length, the power demand for the specimen is 860 W, or a power density of 0.4 MW/l. Note 
that volumetric heat generation rates are linked to mass-specific heat through material 
density and, as long as the material in question does not have a large density change over 
the temperature rage of interest, the two heat generation rate notations may be used 
interchangeably. Given the uncertainties of emissivity and temperature-dependent thermal 
conductivity of the constituent materials, it is necessary to acquire a power supply with a 
higher rating to ensure that peak temperatures could be achieved. This calculation provides 
an order of magnitude of the power requirement, implying that a 1 kW power source could 
provide adequate heating as opposed to a 10 kW source. The calculation also provides 
insight into the power density of the specimen. The hypothetical specimen has a power 
density roughly an order of magnitude less than NTP fuel requirements. Note that the 
specimen region geometry is much larger than the intended specimen geometry described 
in Section 3.5. Both geometries are a function of the diameter squared; where the specimen 
region has a diameter of 1.2 cm and the specimen has a diameter of 0.3 cm.  Therefore, the 
volume of the specimen will be on the order of a magnitude less than the specimen region 
considered in this scoping analysis. Further, future in-pile experiments will rely on nuclear 
heating in the specimen region and the input power will be more closely aligned with 
prototypic NTP power densities.  
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3.6.1 Selecting an Energy Source for OUTSET 
OUTSET must heat surrogate fuel samples to 2,500°C relying on an external 
energy source such as direct, alternating, or induced electrical current. The scoping analysis 
shows that power delivery on the order of a kilowatt is required to reach such temperatures. 
There are various options available to meet this need. Power sources such as lasers have 
been used to achieve extreme heat fluxes. Likewise, Linke et al. [61] successfully used an 
electron beam source to simulate high heat flux conditions for testing plasma facing 
material such as graphite and tungsten. Each heating method has its benefits and 
drawbacks. For example, the electron beam and laser sources are extremely effective but 
can be rather expensive. The electron beam source also generally must be operated under 
high vacuum; which will make it difficult to expose the specimen to gases simultaneously. 
The CFEET and NTREES experiments use induction heating to achieve target 
temperatures. This heating is performed by placing a target inside an induction coil that 
uses alternating current tuned to an appropriate frequency to induce a current within the 
target, which creates heat via Ohmic heating. However, induction heating has limited 
penetration depth in electrically conductive materials and coupling to the material may 
change with material conductivity during the test. Induction effectiveness can also be 
sensitive to the absorption of the induced current by materials surrounding the target. The 
coils must also be actively cooled to ensure they do not melt or deform from thermal 
stresses. Adding these features to OUTSET increases the complexity of the enclosure and 
will change the thermal radiation paths of an out-of-pile experiment relative to in-pile 
performance, which will rely on fission as the heat source. Given that the purpose of this 
work is to design and demonstrate an experiment that directly translates to an in-pile reactor 
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test, the internal configuration of the experiment should not be changed from one phase of 
the project to the next. The conclusion is that direct current (DC) electrical resistance 
heating is the most cost-effective and reliable option.  
A Veeco model 2508 DC power module was selected to power OUTSET. This unit 
requires 240VAC/11.8A, 60 Hz AC power input and can deliver 2.5kW of DC power. The 
model 2508 has an output DC voltage range of 0-200V and output current range of 0-25A 
(10 mA resolution). It contains a proportional-integrator-differentiator (PID) controller that 
receives temperature information from a local type-K thermocouple. Since type-K 
thermocouples operate between -200° to 1,250°C and are not applicable for prototypic NTP 
temperatures the PID controller is not used for the OUTSET experiments. The power was 
manually controlled by adjusting the current to achieve the desired output power. A data 
specification sheet for this unit can be found in Appendix I.  
3.6.2 Specimen Region Heating Development 
The Veeco model 2508 DC power module is shown to provide the ~800W needed 
to energize OUTSET. However, further development of the specimen region is required to 
ensure it is capable of the Joule heating required to drive specimens to prototypic NTP 
temperatures. Electrical power is defined as the product of voltage and current (𝑃𝑃 = 𝑉𝑉𝑉𝑉). 
Through Ohm’s law (𝑉𝑉 = 𝑉𝑉𝐼𝐼), power can be reformulated in terms of resistance and either 
voltage or current: 𝑃𝑃 = 𝑉𝑉
2
𝑅𝑅(𝑇𝑇)
 or 𝑃𝑃 = 𝑉𝑉2𝐼𝐼(𝑇𝑇), respectively. Given that electrical systems are 
usually current limited, the second formulation reveals that a system with low resistance 
may require higher levels of electrical current to achieve high power values. The specimen 
region was initially planned to be fabricated from Poco graphite, which would be 
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resistively heated with a DC power supply. Given that this material has an electrical 
resistivity of 400-1000 µΩ-in [60], and in the scoping analysis the specimen region was 
assumed sized to be on the order of 1.2 cm in diameter and 2.0 cm in length, then the 
specimen region resistance would be less than 1Ω. Using the formulation above, current 




≥ 28 𝐴𝐴. Under these conditions, the voltage 
requirements would also be on the order 28 V. A more resistive material would reduce the 
electrical current demands; reducing Joule heating and power losses in the electrical leads. 
A material with intermediate electrical resistivity (at least an order of magnitude less than 
Poco graphite) and the ability to withstand degradation at NTP prototypic temperatures 
was required. Other products in the SIGRATHERM line had suitable specific electrical 
resistivities and high temperature resistance, which indicated that the GFA felt may also 
be suitable for heating the OUTSET specimen region.  
A combined heating element and specimen region was designed to consist of a 
~2.5±0.1 cm long × ~0.5±0.1 cm inner diameter zirconia tube that contains compacted 
GFA felt for Joule heating. Solid Poco graphite plungers are pressed into the top and bottom 
of a zirconia tube to contain the GFA felt filament and provide a rigid interface for the 
electrical lead wires. This assembly set is surrounded by another annulus of Poco graphite. 
The zirconia tube is necessary to electrically isolate the thermocouple from the energized 
GFA felt filament. Zirconia ceramic is commonly used as an electrical resistor material 
and melts at 2,715°C, which makes the material applicable for use at NTP conditions. The 
graphite crucible was selected for its thermal radiation characteristics that are well-defined 
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over a large temperature range. A prototype specimen region has a nominal electrical 
resistance of 4Ω, which lowered the current requirements from 28 A to roughly 14 A. 
 NTP specimens will be placed inside the zirconia annulus along with the GFA 
filament to ensure specimens reach maximum temperatures. Displacing some filament 
material has little effect on the heating effectiveness of the specimen region, given the NTP 
fuel surrogate candidates are made from high temperature resistant materials that have 
electrical resistivity values on the order of hundreds of µΩ-in. Figure 3-10 shows an 
annotated image of the specimen region and prototypic continuity measurement of a 
specimen region containing a melt wire within the specimen region. 
3.6.3 Power Requirements Sensitivity Study 
It is prudent to understand the performance sensitivity, as it relates to the insulation 
conductivity and emissivity, because these parameters will drive some of the decisions for 
OUTSET enclosure size and heat transfer reduction methods. Simple estimates for 
conductivity can be estimated using Fourier’s law of cooling, formulated for cylindrical 
coordinates. This exercise assumes that outer surface heat flux (q”) and thermal 
conductivity (k) are constant. Starting with the steady state heat conduction equation and 
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Figure 3-10. Annotated image of the specimen region (left), and continuity measurement of a prototypic 
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Rearranging equation 3-5 to isolate 𝑞𝑞 produces:  






𝑞𝑞 ≡ 𝑐𝑐𝑐𝑐𝑙𝑙𝑐𝑐𝑐𝑐𝑐𝑐𝑙𝑙𝑐𝑐 𝑝𝑝𝑐𝑐𝑝𝑝𝑝𝑝𝑟𝑟 𝑖𝑖𝑙𝑙𝑝𝑝𝑖𝑖𝑐𝑐 




𝜋𝜋 ≡ 𝑐𝑐𝑐𝑐𝑙𝑙𝑖𝑖𝑙𝑙𝑑𝑑𝑝𝑝𝑟𝑟 𝑙𝑙𝑝𝑝𝑙𝑙𝑙𝑙𝑐𝑐ℎ 
𝑇𝑇∗ ≡ 𝑐𝑐𝑐𝑐𝑙𝑙𝑖𝑖𝑙𝑙𝑑𝑑𝑝𝑝𝑟𝑟 𝑖𝑖𝑙𝑙𝑙𝑙𝑝𝑝𝑟𝑟(𝑖𝑖)𝑐𝑐𝑟𝑟 𝑐𝑐𝑖𝑖𝑐𝑐𝑝𝑝𝑟𝑟 (𝑐𝑐) 𝑐𝑐𝑖𝑖𝑟𝑟𝑠𝑠𝑐𝑐𝑐𝑐𝑝𝑝 𝑐𝑐𝑝𝑝𝑒𝑒𝑝𝑝𝑝𝑝𝑟𝑟𝑐𝑐𝑐𝑐𝑖𝑖𝑟𝑟𝑝𝑝 
𝑟𝑟∗ ≡ 𝑐𝑐𝑐𝑐𝑙𝑙𝑖𝑖𝑙𝑙𝑑𝑑𝑝𝑝𝑟𝑟 𝑖𝑖𝑙𝑙𝑙𝑙𝑝𝑝𝑟𝑟(𝑖𝑖)𝑐𝑐𝑟𝑟 𝑐𝑐𝑖𝑖𝑐𝑐𝑝𝑝𝑟𝑟 (𝑐𝑐) 𝑟𝑟𝑐𝑐𝑑𝑑𝑖𝑖𝑖𝑖𝑐𝑐 
 
In order to maintain the same specimen temperature (2,500°C), the temperature 
difference across the insulation must also remain constant, leaving the inner radius (𝑟𝑟𝑖𝑖) as 
the only variable to perturb. Therefore, power input can be compared to insulation 
thickness as a function of the inner radius. For the finite element analysis, insulation 
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A similar exercise can be performed to develop a proportionality constant for 
specimen emissivity, using the Stefan-Boltzmann law. The proportionality constant 
derivation assumes the specimen is in an enclosure. This model assumes the view factor of 
the specimen from the enclosure is small, such that the specimen emissivity dominates the 
radiation heat transport. 
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The current model assumes the containment inner radius (𝑟𝑟𝑜𝑜) as 1.6 cm and the 
insulation inner radius (𝑟𝑟𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖) as 1.3 cm and the insulation 𝛿𝛿 = 𝑟𝑟𝑜𝑜 − 𝑟𝑟𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖. The graphite 
emissivity (𝐶𝐶𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖) was assumed to be 0.8 for the reference finite element analysis case. 
Table 3-3 summarizes the results from perturbing both the insulation thickness and graphite 
emissivity; each of which were done independently. Notice, by doubling the thickness of 
the insulation, the power requirements to establish the specimen region temperature is 
reduced to 40% of the original power input. Perturbing emissivity has less of an effect. 
The formulation seen in equation 3-14, is the classic expression to calculate heat 
transfer between two coaxial cylinders [62].  Equation 3-14 does not assume the view factor 




































Table 3-3. Results from insulation thickness and emissivity perturbation study. 
Parameter Perturbation result 
Insulation δ (cm) 0.20 0.30 0.40 0.50 0.60 
Cδ 1.55 1.00 0.72 0.55 0.44 
ε1` 0.88 0.84 0.8 0.76 0.72 
Cε 1.10 1.05 1.00 0.95 0.90 
 
understand the effects of changing emissivity of the specimen (𝐶𝐶𝑠𝑠𝑝𝑝𝑝𝑝𝑠𝑠𝑖𝑖𝑠𝑠𝑝𝑝𝑖𝑖_𝑖𝑖) and insulation 
(𝐶𝐶𝑖𝑖𝑖𝑖𝑠𝑠𝑝𝑝𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑜𝑜𝑖𝑖). Note that if 𝐴𝐴1 ≪ 𝐴𝐴2 then equation 3-14 reduces to equation  3-10. Assuming 
the temperature difference between the inner cylinder and the outer cylinder remains the 
same, a proportionality constant can be derived as: 
Figure 3-11 shows plots of 𝐶𝐶𝜀𝜀′ as a function of 𝐶𝐶2′  (holding 𝐶𝐶𝑠𝑠𝑝𝑝𝑝𝑝𝑠𝑠𝑖𝑖𝑠𝑠𝑝𝑝𝑖𝑖_𝑝𝑝 =
 𝐶𝐶𝑠𝑠𝑝𝑝𝑝𝑝𝑠𝑠𝑖𝑖𝑠𝑠𝑝𝑝𝑖𝑖_𝑖𝑖); 𝐶𝐶𝜀𝜀′ as a function  𝐶𝐶𝑠𝑠𝑝𝑝𝑝𝑝𝑠𝑠𝑖𝑖𝑠𝑠𝑝𝑝𝑖𝑖_𝑝𝑝  (holding 𝐶𝐶𝑖𝑖𝑖𝑖𝑠𝑠𝑝𝑝𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑜𝑜𝑖𝑖_𝑝𝑝 =  𝐶𝐶𝑖𝑖𝑖𝑖𝑠𝑠𝑝𝑝𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑜𝑜𝑖𝑖_𝑖𝑖); and 𝐶𝐶𝜀𝜀. 
The models assumes 𝐴𝐴1 = 1.2 ∙ 𝜋𝜋𝜋𝜋 𝑐𝑐𝑒𝑒2, 𝐴𝐴𝑖𝑖𝑖𝑖𝑠𝑠𝑝𝑝𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑜𝑜𝑖𝑖 = 2𝐴𝐴𝑠𝑠𝑝𝑝𝑝𝑝𝑠𝑠𝑖𝑖𝑠𝑠𝑝𝑝𝑖𝑖, 𝐶𝐶𝑖𝑖𝑖𝑖𝑠𝑠𝑝𝑝𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑜𝑜𝑖𝑖 =
𝐶𝐶𝑠𝑠𝑝𝑝𝑝𝑝𝑠𝑠𝑖𝑖𝑠𝑠𝑝𝑝𝑖𝑖 = 0.8, which is consistent with the scoping model input parameters. Reducing 
the emissivity of either surface reduces the required input power. Reducing emissivity (𝐶𝐶1) 
is more effective than reducing the insulation emissivity (𝐶𝐶2), but it is more difficult to 
perform this in reality. It was decided to line the inner diameter of the outer cylinder with 


























internal conditions. Therefore, a molybdenum foil radiation mirror with a theoretical 
emissivity between 0.2-0.4 is used for the experiments detailed in Chapter 4 to line the 
inner diameter on the innermost piece of wall insulation to reduce the input power to the 
specimen region. No molybdenum foils are used to line the felt located at the top and 
bottom felt pieces. Moreover, this feature was not considered in the preliminary scoping 
calculation, but it is included in the thermal performance model detailed in Chapter 5. 
3.7 Design Summary 
 
This chapter lays out a detailed approach to designing OUTSET such that the device meets 
prescribed requirements set forth by the testing strategy defined in Chapter 2. Research and 
preliminary heat transfer analysis produced a viable solution for thermal management of 
OUTSET. Specimen geometry and containment material protocols were identified to make 
the production of OUTSET flexible and cost-effective. The specimen region is designed to 
heat specimens to NTP prototypic temperatures. SIGRATHERM GFA felt on the order of 
0.6 cm thick is used to insulate the specimen region. A low emissivity molybdenum foil 
lines the inner face of the insulation to reduce thermal radiation heat transfer from the 
specimen region to the insulation. The enclosure for OUTSET is selected to be made from 
304L stainless steel, with the phase 2 in-pile test enclosure more likely using a titanium 
alloy. Specific Conflat® feedthrough ports and penetrations were chosen to provide 
instrumentation interfaces for OUTSET. A computer-aided drawing (CAD) model of 








The figure illustrates the following features: 
• DC power service inside the enclosure to directly energize the specimen holder, 
• Thermocouples instrumentation located within a graphite crucible to test the 
various operating temperature regimes, 
• Titanium alloy or stainless-steel alloy containment material, 
• Molybdenum wire electrical leads, 
• Molybdenum foil radiation mirror & titanium getter foil, 
• Gas lines to impart various atmospheric conditions (vacuum, partial vacuum with 
an inert gas, etc.), 
• An aperture for observing the experiment with optical measurement equipment, and 
Chapter 4 documents the assembly of OUTSET and establishes experiment protocols for 






EXPERIMENT TESTING AND RESULTS  
OUTSET is fabricated in accordance with engineering drawings generated from 
CAD model described in Figure 3-12. These documents may be found in Appendix I. 
Figure 4-1 shows images of OUTSET in various stages of assembly. All components 
except for the insulation were cleaned with acetone and ethanol to reduce contaminants. 
The vessel plenum was lined with two layers of SIGRATHERM GFA soft graphite felt to 
produce an insulation thickness of 6.4 mm. A thin sheet of titanium getter foil, which 
cannot be seen in the figure, is placed between the outermost and innermost layers of the 
felt. A molybdenum foil, also not visible in the figure, is used to line the innermost felt 
piece to act as a radiation mirror. Zirconia tubes and beads are used to electrically isolate 





Figure 4-1.OUTSET attached to the Adixen ASM340d leak detector (left), component layout (top and 




4.1 Experiment Methods 
 
This section defines the procedure, the order of operations, and logic used for 
performing a heating test with OUTSET.  
• Form the SIGRATHERM GFA insulation and metal foil blanks to line the 
experiment plenum (example templates found in Appendix I). 
• Trim thermocouple and electrical leads to the appropriate length. 
• Clean all parts, aside from porous graphite felt, with pure acetone followed by 
200 proof ethanol.  
• Install the insulation & metal blanks, match drill an aperture hole to provide a 
line of sight from the plenum to the viewport window. Install a ceramic tube 
into the aperture hole. 
• Install the power leads and thermocouples to the flanged feedthrough. 
• Build the specimen region assembly by packing insulation into the specimen 
region and install graphite plugs. Place a specimen into the specimen region, if 
applicable. 
• Attach the specimen region assembly to the electrical leads and instrument the 
specimen region graphite crucible with the thermocouple. 
• Assemble the containment and bolt flanges to create vacuum seals at the non-
welded junctions. 




• Check the thermocouple and specimen region electrical circuits for continuity. 
Also, check for continuity between the enclosure and electrical leads to ensure 
there are no electrical short circuits. 
• Attached a vacuum line/valve to the gas line penetration port on the viewport. 
Establish the desired internal atmosphere (vacuum, inert, etc.) 
• Ensure the power supply is not energized while attaching the electrical leads. 
Attach external thermocouple and electrical leads to OUTSET. Attach the 
alternate ends of the thermocouple leads and electrical cables to the 
thermocouple reader instrument or power supply. Verify that the thermocouple 
reading.  
• Set up a desired instrumentation logging scheme and energize the power 
supply/set the unit to the desired input power level. 
• Water heat sink is installed for OUTSET tests 
The inner plenum geometry was used to establish vector art template files that may 
be used to repeatably generate insulation and foil parts. For this version of OUTSET, an 
Epilog 50W FiberMark 24 laser engraver was used to “print” the templates onto the stock 
materials, and the machine power level was maximized to cut out individual metal foil 
parts as a function of the printing operation.  
Cutting of the thermocouple and electrical leads must be carefully performed 
because these wires not only power and instrument the experiment, but they are also used 
to hang and locate the specimen region at the appropriate height to be visible from the 
viewport aperture. As determined in Chapter 3, wire diameters selected for the type-C 
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thermocouples are 0.38 mm and the molybdenum power leads are 0.51 mm. While these 
materials are refractory metals known for being very hard and brittle, these wires sizes 
remain sufficiently flexible and may be bent or shaped to meet a rather wide range of 
configurations. The zirconia ceramic insulation should be installed onto the internal 
electrical components when performing this wiring work. 
Establishing the connections between the power feedthrough electrical leads and 
the molybdenum leads was achieved by wrapping the molybdenum wire around the 
feedthrough lead and creating a compression joint with a ceramic bead (see Figure 4-2). 
This junction was sufficient to power the experiment, but more extensive development 
should be performed to create a more robust and user-friendly connection scheme. 
Final assembly of the experiment involves mating a series of Conflat® flanges or 
connecting tube fittings. Guidance on bolt loading for metal gasket flanges is available 
from the flange manufacturer. However, assembling a hermetically sealed container may 
be challenging and is a crucial step in the process. 
Using a helium leak detector to establish vacuum within OUTSET is the most 
straightforward hermeticity verification option because the instrument can provide very 
accurate containment leak rate measurements. However, one may glean hermeticity by 
employing sensitive high vacuum gauges to the system and observe vacuum degradation 
rates after sufficient vacuum levels are achieved, and the pump is isolated from the system. 
Note that oxygen must be removed from OUTSET, as it will react with refractory metals 
at the intended operating temperatures. Also, the presence of oxygen will cause hot graphite 




Figure 4-2. Electrical connector using a ceramic bead to create a compression joint between the nickel 
power feedthrough lead and the molybdenum electrical lead (junction circled in blue). 
 
Verifying and establishing a suitable electrical circuit is the final phase of the 
experiment. Checking continuity of the various internal circuits is a useful practice, given 
some connections may be broken during assembly and handling. Also checking for short 
circuits between the thermocouple or electrical heating loop and the containment should 
be performed to ensure safe operation of the experiment. Resistance values can be obtained 
before OUTSET is assembled and then compared to post assembly reading. For this work, 
the specimen region electrical circuit generally exhibited resistance readings in the range 
of 3-5 Ω, and the thermocouple loop exhibited resistances between 0.6-0.9 Ω. Note that 
these measurements should be made while the experiment is not energized. 
One final topic of discussion is the identifying of a reliable heat sink. A water bath 
was used to cool the OUTSET experiments described in this dissertation. This choice 
provides a stable boundary condition because the sink temperature cannot exceed the water 
saturation temperature. The sink temperature nominally kept between 20-100°C, and water 
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levels are controlled to ensure the sink does not dry out and drive the enclosure surface 
temperature beyond the saturation temperature. Given the high design temperatures 
(≥2,500°C), a heat sink boundary condition fluctuation of roughly 80°C only contributes 
to 3-4% of the target specimen temperature.  
4.2 Experiments 
 
Experiments should be operated in accordance with the following general protocol: 
• Verify the Veeco 2508 power supply current output limit is set to zero prior to 
making the OUTSET electrical connections. 
• Verify electrical connections and thermocouple connections have been successfully 
made. Thermocouple connections are verified by checking Omega™ HH1384 
thermometer output. Initiate thermocouple datalogging.  
• Turn on the power supply and allow it to complete its start-up process. 
• Increase the current limit setting from zero to the target limit over a 10-20 second 
interval. The target limit is determined by observing the power supply power 
output, which is displayed on the front of the unit. 
• The power output may drift while the OUTSET specimen region is heating. 
Manually adjust the current output limit to correct for this drift. The goal is to 




• Allow the thermocouple output to stabilize to a steady state condition. Record the 
corresponding steady state power output to relate power to steady state 
thermocouple temperature. 
• Once the experiment trial is completed, reduce the current output limit back to zero 
and turn off the unit. This reduction cycle should be completed in less than 10 s. 
A series of low-temperature tests were performed to verify the equipment/OUTSET 
performed acceptably and in a controlled manner. The low-temperature tests were 
performed to achieve steady state thermocouple temperatures in the range of 500–1,400°C, 
with a power input rage of 25-180W. Experiments were only instrumented with a 
thermocouple which was located in the annular graphite crucible portion of the specimen 
region. No direct measurements of specimen region centerline temperature were made 
because the energized specimen region corrupts the thermocouple voltage output signal. 
However, the scoping thermal analysis described in Chapter 3 suggests that the centerline 
temperature of the specimen region is on the order of 200°C higher than the peripheral 
areas in the heated section. Therefore, this temperature difference can be used to correlate 
thermocouple temperature to specimen region temperature until a more accurate model is 
produced and validated. 
Some key observations from the low power tests include: 
• Although a stringent cleaning and handling process is used, driving components to 
temperatures in excess of 1,200°C tend to volatilize compounds (likely oxygen, 
oxides, or moisture). This phenomenon was indicated from a spike in inlet pressure, 
roughly from 2×10-2 mbar to 5×10-1 mbar, to the helium leak detector during 
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operation. These compounds may contaminate the refractory metal parts and cause 
embrittlement of the components. These compounds tend to plate out on other 
components and may volatilize again while performing future tests. It is 
recommended that all parts should be inspected after each experiment run to verify 
and minimize fouling of components in future tests. Furthermore, contaminants 
such as water become entrained in stainless steel containment components and 
ceramic insulation. Reducing the vacuum level of the experiment to sub-10-5 mbar 
prior to running an experiment trial will remove these contaminants from the 
system. 
• An instantaneous power increase greater than 150 W generally leads to an 
experiment failure, which is accompanied by an observed order of magnitude 
increase in specimen region resistance. It is postulated that this effect was caused 
by rapid thermal expansion of the compressed felt filament within the specimen 
region that leads to the dislodging of one or both graphite plugs located at the top 
and bottom of the filament. This increases the specimen region electrical resistance 
and causes a reduction of current transmission through the specimen region. 
Reduced current decreases Joule heating in the specimen region and results in a 
lower filament temperature which reduced the filament thermal expansion. The 
negative feedback causes the circuit to rapidly degrade and ultimately the 
experiment fails to reach the target temperature. It is recommended that power is 
applied somewhat gradually during the initial moments of the experiment; i.e. 10-
20 seconds to go from zero to full power. While this explanation was not fully 
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verified, initiating power delivery to the specimen region in this fashion eliminated 
prematurely failed experiments.  
4.2.1 Peak Power/Peak Temperature Experiment Discussion 
Peak power/peak temperature (PPPT) experiments investigated power levels that 
ranged from 200-300W. The upper limit range was generally set by current limitations of 
OUTSET, which has a recommended 15 A limitation on the power feedthrough. Graphite 
electrical resistivity has been shown to decrease as a function of temperature [63] [64]. The 
prototypic NTP temperature experiments exhibited a minimum specimen region electrical 
resistance as low as 1-2 Ω while at peak temperature while initial room temperature 
resistances are on the order of 3-5 Ω. This reduction in electrical resistance at peak 
temperatures made it necessary to increase input current to maintain constant power input 
to the system. This power correction will be evident in some of the experiment results 
shown in the next section. 
This phenomenon is also important to point out, given the electrically insulative 
ceramic components in the system also behave in a similar fashion. Degradation of 
electrical resistance in these insulators can be problematic from an instrumentation 
standpoint. Specifically, the OUTSET thermocouple provides temperature information for 
the Poco graphite carbon annulus which is electrically conductive and is located around the 
zirconia tube and electrically heated specimen region. The purpose of the tubular zirconia 
insulator is to isolate the thermocouple, which is placed in contact with the Poco graphite 
carbon annulus, from the energized felt filament. If the zirconia insulator’s electrical 
resistance breaks down sufficiently to allow electrical current to transmit through the 
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insulator, then signal noise that can corrupt the thermocouple output is increased. Coorstek 
yttria stabilized zirconia (datasheet found in Appendix I) shows that volumetric electrical 
resistivity can degrade 10 orders of magnitude over a temperature range of 25-1000°C. 
While this is not the exact grade zirconia used in OUTSET, this material’s electrical 
performance indicates that zirconia electrical resistance is sensitive to temperature. At 
elevated temperatures, the thermocouple signal noise can occur due to power leakage 
through the zirconia insulating tube. In fact, the thermocouple output for some of the 
experiment results shown in the next section exhibit a noisier signal at temperatures above 
1,500°C. Figure 4-3 shows a simplified circuit diagram of OUTSET, and demonstrates 
how the breakdown of electrical resistivity of the insulator affects the thermocouple 
electrical signal. For this case, it is assumed that system current (Itotal) is less than 14 A. 
Under these example conditions, the excess electrical current leakage to the thermocouple 
instrument can be on the order of 20% of the current generated by the thermocouple from 
the thermoelectric effect. This phenomenon is not unique to OUTSET and is called 
electrical shunting [65]. The exponential degradation of electrical resistance associated 
with electrical shunting can have significant effects on OUTSET thermocouple 
measurements, which is quantified in Chapter 5. 
4.2.2 Peak Power/Peak Temperature Experiment Results 
 The PPPT experiments demonstrated that OUTSET was thermally efficient, 
allowing the system to reach prototypic NTP temperatures without exceeding the power 




Figure 4-3. Circuit diagram illustrating current leakage as a function of insulator degradation. 
 
temperatures of roughly 1,750°C with a power input of 253 W, as shown in Figure 4-4. 
The upper limit PPPT condition, which generally reaches thermocouple temperatures 
around 2,000°C and power input of roughly 300 W, has been demonstrated with various 
tests.  
The thermocouple reader display output for a PPPT shakedown test, along with an 
image of light emission from the graphite specimen as seen through the viewport are shown 
in Figure 4-5. For the experiment represented in Figure 4-5, which is referred to as the 
PPPT1 case, the Omega™ HH1384 data logger was not recording data to a computer, but 
the output was video recorded and manually parsed to collect data as a function of time. 
The PPPT1 conditions were produced by setting the power to 300 W over a 10 s interval 
and allowing the specimen to approach steady state. Note that this case was not susceptible 




    





Figure 4-5. Specimen region viewed through the viewport (left) and thermocouple reader display (right) 
for the PPPT1 experiment. 
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The PPPT1 data can be found plotted in Figure 4-6. Note that the thermocouple 
temperature follows an asymptotic trend and is consistent with the expected outcomes of 
such a thermal transient. Given the coarseness of the data, more experiments were 
conducted such that thermocouple data logging was controlled and recorded at a frequency 
of 1 Hz. This higher resolution data more clearly resolves the transient performance of 
OUTSET and shows repeatability under experiment conditions. A plot of select data sets 
can be found in Figure 4-7 and numerical derivatives of the data are found in Figure 4-8. 
These numerical derivatives are calculated as simple first-order divided differences. Figure 
4-7 compares the PPPT1 experiment data to three other independent experiments 
performed on separate occasions. The three additional trials, named PPPT2-PPPT4, were 
performed by applying 300W of power to OUTSET specimen region. These experiments 
were also recording thermocouple output with the Omega™ HH1384 datalogger. Observed 
early-time (t = 0 - ~100s) adiabatic heat-up rates for experiments PPPT2 through PPPT4  
 
 





Figure 4-7. Thermocouple data plotted as a function of temperature for select PPPT experiments. 
 
  




follow similar trends. Likewise, the available PPPT1 data follows the PPPT2 and PPPT4 
data. Maximum temperature derivatives for heating periods of these trials are around 
40°C/s, and minimum temperature derivatives of the cooling trends are around -40°C/s, as 
seen in the circled regions of Figure 4-8. Figure 4-9 shows the thermocouple output for the 
PPPT3 and PPPT4 experiments. Figure 4-7 and Figure 4-9 also show that PPPT3 
thermocouple temperatures diverge from the other data sets around 100s, which indicates 
a reduction in power delivery to OUTSET for this trial. Electrical current adjustments were 
made for both PPPT3 and PPPT4 over the course of their transients to maintain the 300W 
input and drive the thermocouple to temperatures near 2,000°C, as indicated in  Figure 4-9. 
Instability of the thermocouple data is seen in both cases between 200 and 400 seconds. 
Also, both thermocouple output signals show signs of increased noise during these 
adjustment periods.  
The increased noise at high temperatures likely was the result of power leakage 
through the zirconia insulator into the graphite crucible, as described in the previous 
section. Power was disconnected to the PPPT3 and PPPT4 experiments, as indicated in the 
figure, and a discontinuous jump in temperature can be observed. This is followed by a 
temperature decay trend indicative of thermocouple cooling. This recovery of sensible 
thermocouple data, after the potential noise source is terminated, supports the source 
thermocouple noise stems from the energized specimen region. The cooldown periods for 
PPPT2 through PPPT4 were collected for comparison, and the “power off” times were all 




Figure 4-9. Thermocouple data plotted as a function of temperature for experiments PPPT 3 and PPPT4.  
 
   
Figure 4-10. Thermocouple cooling data comparison between PPPT2 through PPPT4 (t = 0 seconds 




discrepancy between initial cooldown temperatures for these cases, but this sample set has 
an average initial temperature of 1,978°C and standard deviation of 65°C. 
4.3 SWIR Camera Discussion 
 
It was previously discussed that the type-C thermocouples used for the OUTSET 
experiment have drawbacks such as signal noise insertion due to power leakage in the 
specimen region and uncertainty between the instrument temperature reading and the 
inferred component temperature of interest. This issue prompted an investigation into non-
contact measurement systems that may perform reliable temperature measurements. 
Chapter 3 describes the FLIR A6261sc SWIR camera as an appropriate instrument for this 
purpose. This section describes the setup and implementation of the SWIR camera to 
measure OUTSET graphite crucible surface temperatures. 
Care must be taken to ensure the optical imaging system is adequately set up to 
ensure the instrument accurately images the target of interest. The SWIR camera must be 
oriented with a direct line of sight view of the active region of the target. This was achieved 
by affixing the SWIR camera and OUTSET to a vibration isolation optical table. This 
special table is specifically designed for performing optical experiments and has a precise 
grid of threaded holes that are used to bolt down the optical and experiment equipment in 
a controlled fashion. Commercially available mounting equipment was used to clamp the 
equipment in place on the optical table. The SWIR camera has a stock 0.9‐1.7μm, f/1.8 
lens with a focal length 50mm, which establishes some orientation constraints for the 




Figure 4-11. Optical system with SWIR camera on the left and OUTSET on the right. 
 
The experiment layout constrains the equipment to the isolation table with optical 
stages so that fine adjustments can be made to guarantee the SWIR camera correctly 
observes the active region. The stages used have a movement resolution of 25µm. Figure 
4-11 shows both the camera and OUTSET located on precision optical stages. These pieces 
of equipment are used to provide fine position control for the two pieces of equipment. The 
camera stage assembly has degrees of freedom in the x-direction (left to right in the figure) 
and z-direction (out of the page in the figure). The OUTSET stage assembly has degrees 
of freedom in the y-direction (up to down in the figure), and z-direction. Motion is achieved 
by adjusting screw drives on the stages to move an object into the desired position. The 
strategy for this experiment is to align the equipment in the y- and z-directions which 
locates the OUTSET viewport within the camera field of vision and then move the camera 
in the x-direction to adjust the focus. 
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FLIR issues proprietary ResearchIR software to interpret the SWIR camera output. 
This tool is intended to be used to interface with the camera, record of the camera output, 
and process & analyze the temperature information obtained from the recorded images. 
The software is also used to perform the fine adjustments for relative position between the 
camera and OUTSET viewport. ResearchIR processes the camera output and maps the 
light intensity observed by each of the pixels of the InGaAs detector to form an image. The 
SWIR camera is only sensitive light ranging from 0.9‐1.7μm, which is just beyond the 
visible spectrum (maximum wavelength of 740 nm). Thermally hot objects produce a 
SWIR light source, making it straightforward to make out hot objects within ResearchIR 
and, conversely, difficult to observe room temperature objects within the software. Figure 
4-12 compares what is observed by the SWIR camera to what is observed by a camera that 
is sensitive to the visible light spectrum at room temperature.  
 
 
Figure 4-12. ResearchIR visualization of the SWIR output from the camera (left) and observed image of the 




Performing the fine adjustments between the camera and OUTSET was made 
impossible by the obscurity of the SWIR image. A soldering iron was used as an infrared 
light source to illuminate the OUTSET viewport and allow the ResearchIR software to 
resolve a usable image. This iron was heated to roughly 400°C and placed in close 
proximity to the viewport. The infrared light intensity emitted from the iron was sufficient 
to illuminate the viewport so that the viewport aperture could be oriented within the 
camera’s field of vision. The optical stages were adjusted to focus the camera lens and 
locate the aperture within the center of the field. The focused SWIR camera image with the 
soldering iron illuminating the OUTSET viewport can be seen in Figure 4-13. 
The soldering iron was also used to verify the rotational orientation of OUTSET 
with respect to the SWIR camera and verify it could resolve an image of a heat source 
within the OUTSET. This is performed by suspending the iron within the OUTSET 
specimen plenum and locating the heated tip in line with the aperture. OUTSET, which is 
placed in a tight-fitting metal base that is bolted to the optical stage, is slowly rotated within 
the base until the SWIR light signal being emitted from the iron is maximized. Note that 
all initial alignment adjustments are performed with no temperature interpretation made by 
the ResearchIR. Setting the software to interpret temperature requires installing notch 
filters and loading calibration NUC files. The software output observed under this 
configuration is difficult to interpret because the image only reports temperature data 
within the NUC calibration range. Figure 4-14 compares ResearchIR uncalibrated image 





Figure 4-13. Comparison of the ResearchIR software (left) and visualization of OUTSET viewport being 
illuminated by a soldering iron. 
 
 
Figure 4-14. Comparison of ResearchIR uncalibrated image (left) with calibrated software output (right). 
Uncalibrated image output is in photon counts ranging from 2482-16382, and calibrated temperature data 






The calibrated image in Figure 4-14 is interpreted as: 
• The blue background indicates temperature information less than the minimum 
value reported on the scale at the right side of the image, 
• The temperature scale located at the right side of the image indicated all 
temperatures observed in the field of view. 
An experiment utilizing both the type-C thermocouple and the SWIR camera was 
performed to compare the two measurements. Note that this experiment does not 
correspond with any of the PPPT trials reported earlier in this chapter. Like the other PPPT 
experiments, OUTSET was energized with 300 W to impart a thermal transient that was 
recorded by these two independent temperature measurement instruments. The experiment 
is terminated around 120 s before the transient was allowed to stabilize because a 
discrepancy between the thermometry data and the SWIR camera output was observed. 
This discrepancy includes inconsistencies in both time and temperature scales. 
Synchronization between the SWIR camera and the thermocouple datalogger was 
attempted manually, but a delay of 30 seconds was observed between the two instrument 
responses. The thermocouple and SWIR data can be seen in Figure 4-15. The ResearchIR 
software doesn’t readily provide flexibility for adjustment once a NUC calibration file is 
loaded. This is particularly problematic when trying to adjust the software to consider the 
emissivity of the OUTSET active region. The camera is factory calibrated using a standard 
blackbody instrument with an emissivity of unity. The active region is graphite with 




Figure 4-15. Comparison of the raw thermocouple and SWIR data. 
 
result of these apparent biases, the thermocouple data and the SWIR camera data are 
linearly scaled for comparison purposes, and to ascertain if the two sets may be correlated. 
The original data sets are mapped to the scaled data sets using the following expression:  
𝑐𝑐 = 𝑒𝑒𝑚𝑚 + 𝑏𝑏  
where:  
𝑐𝑐 ≡ 𝑐𝑐𝑐𝑐𝑐𝑐𝑙𝑙𝑝𝑝𝑑𝑑 𝑑𝑑𝑐𝑐𝑐𝑐𝑖𝑖𝑒𝑒 , 𝑚𝑚 ≡ 𝑐𝑐𝑟𝑟𝑖𝑖𝑙𝑙𝑖𝑖𝑙𝑙𝑐𝑐𝑙𝑙 𝑑𝑑𝑐𝑐𝑐𝑐𝑖𝑖𝑒𝑒 ,𝑒𝑒 & 𝑏𝑏 𝑐𝑐𝑟𝑟𝑝𝑝 𝑐𝑐𝑐𝑐𝑐𝑐𝑙𝑙𝑖𝑖𝑙𝑙𝑙𝑙 𝑝𝑝𝑐𝑐𝑟𝑟𝑐𝑐𝑒𝑒𝑝𝑝𝑐𝑐𝑝𝑝𝑟𝑟𝑐𝑐   
The scaling parameter m is the defined as the inverse maximum temperature for the 
respective data set. The scaling parameter b is the defined as the time difference between 
the observed power cutoff temperature of the thermocouple data set and the data set being 
scaled. For the thermocouple data, the scaling parameters are 𝑒𝑒 =  1 1487.8°𝐶𝐶⁄  and 𝑏𝑏 =
0. For the SWIR data, the scaling parameters are 𝑒𝑒 =  1 1158.1°𝐶𝐶⁄  and 𝑏𝑏 = −90; the time 
delay for the SWIR data is 90 seconds. The linearly transformed data sets are plotted in 
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Figure 4-16. The two sets show a similar trend and may be correlated to one another, i.e. 
not linearly independent. No uncertainty analysis was performed on these data sets, given 
they are inconclusive. At the time of this writing, the author is working with the camera 
manufacturer to troubleshoot the data discrepancies.  
4.4  Melt Wire Usage Discussion 
 
OUTSET peak power/temperature experiment trials PPPT3 and PPPT4 employed 
iridium-40% platinum melt wires with a ~2,250±40°C melting point [66]. The melt wires 
were placed in the specimen location at the center of the specimen region during the 
OUTSET assembly process. Both iridium and platinum are electrically conductive, and the 
wires had no effect on the specimen region resistance. Note that melt wires were not reused  
 
 




in multiple experiments. The wires were massed & photographed before and after 
experiment trials. Figure 4-17 and Figure 4-18 show before and after images of select melt 
wires. Shape and surface changes of each wire indicate melting and provide a positive 
indication that the associated experiment reached or exceeded 2,250°C during testing. 
Although the melt wire shape was subject to change during the experiment, there was no 
observed melt wire mass change. The PPPT3 and PPPT4 melt wires were 0.079g and 0.039 
g, respectively, and there was no mass change due to melting. The latent heat of fusion for 
iridium and platinum are 41.3 g/mol and 21.3 g/mol, respectively [67]. The wires consist 
of two noble metals, so no reactions are expected to occur with the surrounding specimen 
region filament, nor is there any expected outgassing from the wires. This is consistent 
with the zero net mass change in the wires. The energy produced by melting the wires was 
14 J for PPPT3 and 7 J for PPPT4, which is miniscule compared to the stored energy of 
the specimen region. The post-test wire images in the figures appear to be darker than their 
before-test counterparts. The wires’ surfaces are not as dark as the pictures suggest and the 
outer surfaces appear shiny and amorphous. The surfaces no longer have the machine 
marks that were present prior to the experiment trials. The wires are smooth and rounded, 
which indicates the wires became molten and re-solidified. 
The melt wires provide an indication of OUTSET minimum specimen region 
temperatures reached during the peak power/temperature tests. These direct temperature 
measurement instruments are easily deployed and have no noticeable impact on the 












are not subject to the same neutron irradiation-induced limitations as the type-C 
thermocouples. Therefore, they offer an alternate instrumentation scheme to provide 
specimen temperature data for phase 2 and phase 3 experiments. Also, the alloy 
composition of the Ir-Pt metal can be modified to produce wires with different melting 
temperatures that can bracket target temperatures for these future tests and verify achieved 







This chapter focuses on the development of a finite element analysis (FEA) model 
that can accurately predict the performance of OUTSET; either with electrically heated 
surrogates or fission heated specimens. The chapter is separated into three basic sections: 
creating the base three-dimensional OUTSET finite element model, reporting the steady-
state thermal model results, and reporting transient thermal model results. The first topic 
includes a very brief description for using Workbench graphical user interface within the 
ANSYS FEA software package, which allows the user to select specific physics analysis 
systems and establish the modeling conditions. This base model configuration provides 
fundamental constraints for both the steady-state and transient models such as boundary 
conditions, body-to-body contact conditions, and model mesh. The thermophysical 
properties and initial conditions are solution-method specific, and those conditions are 
described in their respective sections.  
5.1 Setting up the Three-Dimensional Finite Element Model 
 
The three-dimensional (3-D) model was created using ANSYS 19.1, while the 
scoping calculation r-θ model described in Chapter 3 was created in ANSYS 16.2. The 
latest version allows the user to increase the maximum number of computing cores 
dedicated to a solution from two to four cores, which reduces solution times. The ANSYS 
19.1 program suite uses Workbench to establish the modeling inputs, including part 
geometry, material properties, body-to-body contact interfaces, FEA meshing data, 
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symmetry & boundary conditions, load inputs, solution methods (i.e. transient vs. steady 
state), etc. Workbench provides a graphical user interface that utilizes drag-and-drop 
functionality to define analysis systems appropriate for a given simulation. A view of an 
unsaved project within the ANSYS Workbench interface can be seen in Figure 5-1. 
Part geometries from CAD models are imported to Workbench or manually 
generated within the software to set the spatial and dimensional constraints of the 
simulation. The Workbench analysis systems each have a geometry module, but a 
standalone geometry module (found under the “Component Systems” tab) also may be 
used to supply the same geometry to multiple analysis systems. The OUTSET model used 
the standalone module for importing the part geometries. The strategy for establishing a 
working thermal model is to import the CAD geometries and port that information to a 
“Transient Thermal” analysis system. This system is used to create the model (model mesh, 
boundary conditions, body-to-body contact interface settings, etc.) and that model 
information is ported to a “Steady-State Thermal” analysis system. This modular approach 
allows the two analysis systems to share the base model and calculate either transient or 
steady state results. This setup strategy also provides a means to troubleshoot the base 
model using a steady-state model, which generally converges on solutions more quickly 
than the multiple time-step transient model. The Workbench “project schematic” for 
OUTSET, showing the geometry, transient, and steady-state modules is in Figure 5-2. The 
connection lines between the three modules indicate the base geometry configuration is 
supplied to the transient thermal module, and the model information (including geometry 








Figure 5-2. ANSYS Workbench project schematic for the OUTSET analysis.  
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5.1.1 Model Geometry and Contacts Setup 
The ANSYS DesignModeler software within Workbench facilitates importing 
geometry files and provides some functionality for modifying or simplifying the model. In 
this way the viewport and power feedthrough were modified and/or suppressed to reduce 
the model complexity. Figure 5-3 shows the OUTSET geometry as seen in DesignModeler; 
the parts in yellow are all suppressed from the thermal analysis. Meshing and body-to-body 
contact selection are performed using the ANSYS Mechanical program, which uses the 
imported geometry to establish relationships between parts and other analysis parameters. 
A sectioned view of the final geometry state used for the OUTSET analysis, as seen from 
ANSYS Mechanical, is in Figure 5-4. 
ANSYS Mechanical also allows a user to define contact interface designations 
between each part. Initially, the program automatically screens the newly input model and 
designates contacts based on the proximity of parts to one another. However, this process 
defines the contacts based on default program settings and the contact definitions should 
be manually checked for accuracy. Contact definitions are broken up in several categories 
that include bonded, no separation, frictionless, rough, and frictional. The first three contact 
types are the only definitions used in the OUTSET model because this model only 
considers thermal degrees of freedom. The bonded and no separation contacts are generally 
used for interfaces that are presumed to be fixed or welded together and assume that there 
are no spatial gaps at the contact interface(s). Frictionless contacts consider that the model 
represents accurate spatial gaps used to calculate a contact conductance. ANSYS has an 








Figure 5-4. Final geometry state used for the OUTSET analysis. 
 
conductance. controlled” or values may be user-defined. 
 
 The 3-D OUTSET model relies on program-controlled contact conductance, which 
is different from the approach used in the scoping calculation model described in Chapter 
3. The scoping model was used to estimate power requirements for a lower power 
evacuated enclosure. The solution methods used for that model are intended for calculating 
contact resistance between two bodies with a gas occupying the interstitial spaces within 
the contact gap [56], and the vacuum was modeled as a gas with a thermal conductivity of 
1×10-6 W/m-K. The 3-D OUTSET model is designed to represent the experiments detailed 
in Chapter 4, which were solely performed with an evacuated enclosure. There are 
numerous models available to estimate contact conductance under these conditions [68], 
but ANSYS solution methodologies are well demonstrated so this model relies on the 
software to calculate accurate contact conductance values. 
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Generally, all contacts were modelled as frictionless connections and used the 
ANSYS frictionless contact conductance models, except for interfaces that existed for parts 
that were bolted together (i.e. the copper gaskets between the flanges) and certain interfaces 
that existed in the specimen region (see Figure 5-5). These parts were fabricated to be size-
on-size to reduce the chances of differential thermal expansion creating gaps in the 
specimen region at elevated temperatures. At these elevated temperatures, both the graphite 
and the zirconia experience thermal expansion on the order of 1.2-1.5% [55] [42]. 
Assuming the inner diameter of the graphite crucible and the outer diameter of the zirconia 
insulator are both 6mm, then the radial separation gap between these bodies are 
3mm·(1.015-1.012) = 0.009mm or 9µm. These specific contacts were set to no separation. 
A full list of the contact setup can be found in the ANSYS summary report found in 
Appendix III 
5.1.2 Input Conditions and Heat Transfer Discussion 
The nominal input and boundary conditions for the model can be seen in Figure 
5-6. All parts are initially set to 85°C. The primary boundary condition is placed on the 
containment outer wall and is a constant temperature condition set to 85°C; condition D in 
the figure. This is consistent with an experiment that is submerged in water or shrouded 
with a water-soaked jacket. Free convection heat transfer coefficients for water are on the 
order of 500 W/m2-K [69]. OUTSET has a free convection water cooled surface area of 
0.016 m2 and, through Newton’s law of cooling, the surface temperature 300W/(0.016 
m2·500 W/m2-K) = 38°C higher than the ultimate heat sink. OUTSET experiment trials 


















the modeling uncertainty in the 85°C boundary condition is within 10s of °C from reality. 
Small changes in the heat sink boundary condition will impact the experiment centerline 
temperature on the same order, meaning with the boundary condition temperature is 
increased by 10°C, the centerline temperature will increase roughly the same amount and 
this change is generally less than 1% of the specimen region filament centerline 
temperature (>2,500°C).  
The other boundary condition is also a prescribed constant temperature of 175°C 
set at the ends of the electrical and thermocouple leads located in the reducer portion of the 
top of the experiment (condition G in Figure 5-6). This condition forces an expected 
temperature difference of more than 1,200°C across the 7-10 cm long lead wires. This 
condition was imposed because the CAD model received from the manufacturer treated 
the power feedthrough as a solid single part, instead of breaking the part into its individual 
components. Recreating the power feedthrough with no knowledge or manufacturer 
drawings increases the model complexity and potential for modeling error, so the 
feedthrough was removed from the model. Providing an independent boundary condition 
for the thermocouple and power lead wires permits the capability of parameterizing this 
condition to understand its impact on the wire temperature distributions and thermocouple 
junction temperature. 
The thermal input load is 300W, which coincides with the OUTSET experiments. 
The heat flux of the specimen region filament outer surface is evaluated using the nominal 
surface area of the cylindrical specimen region filament within the zirconia insulator, as 
indicated in Figure 5-5. 
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Radiation heat transfer for a black body is defined by Stefan-Boltzmann law: 
𝐸𝐸(𝑇𝑇) = 𝜎𝜎𝑇𝑇4 5-3 




 𝑇𝑇 ≡ 𝑐𝑐𝑏𝑏𝑐𝑐𝑐𝑐𝑙𝑙𝑖𝑖𝑐𝑐𝑝𝑝 𝑐𝑐𝑝𝑝𝑒𝑒𝑝𝑝𝑝𝑝𝑟𝑟𝑐𝑐𝑐𝑐𝑖𝑖𝑟𝑟𝑝𝑝 {𝐾𝐾}  
 
The Stefan-Boltzmann law considers perfect radiation, which is an idealized case. Black 
bodies are perfect transmitters and absorbers of thermal radiation. In reality, very few cases 
can be considered to operate under these conditions. In order to account for this, an 
additional emissivity (ε) term is introduced into the equation to account for the non-black 
radiative transfer characteristics of most cases involving real bodies. The modified Stefan-
Boltzmann law which accounts for emitted heat in a gray body takes the following form:  
𝐸𝐸(𝑇𝑇) = 𝐶𝐶𝜎𝜎𝑇𝑇4 5-4 
0 < 𝐶𝐶 < 1  
Gray bodies emit radiation at some spectral distribution, but the energy is less than that of 
the black body emitter. An average scalar emissivity term, which is defined as the integral 
spectral emissivity average of the applicable range of emission wavelength, is introduced 
to account for the reduction in emitted energy. Emissivity is generally a function of 
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direction, wavelength, and temperature. The OUTSET internal components are made up 
from individual surfaces and areas that are combined to form an “enclosure.” This term is 
formally defined as any surface that can be considered as completely surrounded by an 
envelope of other solid surfaces or open areas [62]. Siegel and Howell [62] state that heat 
transfer calculations involving enclosure geometries are usually assumed to contain 
diffuse-gray surfaces; the term denotes that emissivity is not dependent upon direction or 
wavelength [62]. Performing accurate measurements to account for all the various 
conditions is difficult and tabular values of emissivity are derived from averaged 
measurements to provide averaged quantities [62]. These quantities are formulated by 
averaging emissivity over all wavelengths and directions but remain dependent of 
temperatures. The OUTSET model is considered to operate under diffuse-gray body 
conditions where emissivity is spectrally and directionally independent, but emissivity 
remains dependent of temperature [70]. Equation 5-4 is expanded to the following form to 











𝐶𝐶𝑖𝑖 = effective emissivity of surface i 
𝐹𝐹𝑗𝑗𝑖𝑖 = radiation view factor  
 
The ANSYS Mechanical APDL Theory reference provides a detailed summary of 
how the software calculates radiation heat transfer [71] but the following portion of the 
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dissertation summarizes the approach. Refer to Section 5.1.3 for the radiation view factor 















𝑁𝑁 = number of radiating surfaces 
𝛿𝛿𝑗𝑗𝑖𝑖 = Kronecker delta 
𝑞𝑞′′𝑖𝑖 = heat flux of surface i 
𝑇𝑇𝑖𝑖 = absolute temperature of surface i 
 
A system of equations can be formulated from equation 5-6 that can be written as: 
[𝐴𝐴]{𝑞𝑞𝑜𝑜} = {𝐵𝐵} 5-7 
where: 
element 𝐴𝐴𝑖𝑖𝑗𝑗 = 𝛿𝛿𝑗𝑗𝑖𝑖 − (1 − 𝐶𝐶𝑖𝑖)𝐹𝐹𝑗𝑗𝑖𝑖 , 𝑖𝑖 = 1,2, … ,𝑁𝑁, 𝑗𝑗 = 1,2, … ,𝑁𝑁  
𝑞𝑞𝑜𝑜 ≡ ℎ𝑝𝑝𝑐𝑐𝑐𝑐 𝑠𝑠𝑙𝑙𝑖𝑖𝑚𝑚 𝑐𝑐𝑝𝑝𝑐𝑐𝑐𝑐𝑐𝑐𝑟𝑟 
𝐵𝐵𝑖𝑖 = 𝐶𝐶𝑖𝑖𝜎𝜎𝑇𝑇𝑖𝑖4, 𝑖𝑖 = 1,2, … ,𝑁𝑁 
 
This system of equations is solved using the Newton-Raphson method to yield {𝑞𝑞𝑜𝑜}. The 
values in the heat flux vector are then used to solve for the net radiation heat flux of the 
system for each iteration cycle; i.e.: 
𝑞𝑞𝑖𝑖𝑖𝑖𝑝𝑝𝑖𝑖 =  𝜑𝜑𝑞𝑞𝑖𝑖𝑘𝑘+1 + (1 − 𝜑𝜑)𝑞𝑞𝑖𝑖𝑘𝑘, 𝑖𝑖 = 1,2, … ,𝑁𝑁 5-8 
where: 
𝜑𝜑 = radiosity flux relaxation factor,  




The average radiation heat flux convergence value for this problem is set to be 
0.1×10-3 W/m2, meaning that when the difference between the kth +1 and the kth iterations 
is less than 0.1×10-3 W/m2, the program considers the calculated radiation heat flux to be 
converged. Radiation transmittance is set between the specimen region and molybdenum 
foil irradiation mirror and between the annular graphite crucible and the thermocouple. 
Nominal emissivity values for each of the components are reported in Figure 5-7. 
5.1.3 Mesh Optimization  
The initial mesh scheme for OUTSET was generated by ANSYS Mechanical, 
which uses a tetrahedral element shape and “default” minimum element size. The 
Mechanical module within the transient analysis system receives a resolved part set from 
the Geometry module and Mechanical uses proprietary ANSYS algorithms to mesh all 
parts. Figure 5-8 shows the initial default mesh scheme produced by Mechanical. Notice 
the coarseness of the mesh in larger parts, especially the insulation and specimen region  
 
 





Figure 5-8. Initial OUTSET mesh scheme. 
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components. The 2-D simulation from Chapter 3 indicates that the temperature varies 
across these parts hundreds to thousands of degrees Celsius. Therefore, the mesh density 
in these parts required refinement to ensure the calculated steady state system temperature 
distributions are reliably predicted. This was achieved by gradually refining the mesh until 
the steady-state model temperatures stabilized. The following discussion describes how the 
mesh was optimized, and the final mesh will be presented at the end of this section. 
Initially, the specimen region and insulation parts were meshed using a hex-
dominant “brick” element shape and the lower order 2-D model was used to inform the 
refined element size for the parts. This approach turned out to be an ineffective approach 
because, as the element size decreased, the number of radiation heat transfer elements 
increased greatly. The outcome of this was a solution that took 50-70 hours to converge. 
Furthermore, the steady state converged specimen region temperature increased with every 
mesh refinement iteration.  
ANSYS Mechanical uses the hemicube method to calculate 3-dimensional 
radiation view factors [71]. This approach is based on the Nusselt hemisphere, which 
demonstrates that any surface which covers identical areas on either a hemisphere or 
hemicube has the same view factor [72]. This method establishes an imaginary cube with 
5 faces: one full face normally facing the Z direction, and 4 half faces oriented normal to 
the +X, -X, +Y, and -Y directions. These 5 faces are discretized into square pixels, set by 
the HEMIOPT APDL command that controls the hemicube resolution. For this analysis, 
the HEMIOPT was set to 10, which is the program default. See equation 5-9 for the 
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discretized view factor equation for a surface, and  Figure 5-9 for graphical representations 
of the hemicube method. 
Equation 5-9, with N = 10, demonstrates that every surface (or in this case an 
element) has 10x5x5 hemicube surface with 300 pixels used to calculate view factors. 
These values are calculated and stored in a database to be used by the ANSYS heat transfer 
solution methods. The formulation of the discrete hemicube method sheds light on the 
potential for difficulty in solution convergence as a function of mesh density. The 
hemicube resolution is governed by the number of pixels on the surface of the hemicube 
shape [71]. 







𝑁𝑁 = number of pixels 
∆𝐹𝐹𝑖𝑖= delta-view factor for each pixel 
 
For geometries consisting of nested cylinders separated by a large gap, discrete 
view factors for a source element is proportional to 1
𝑟𝑟2
. For source and target elements that 
are separated by relatively large distances, the projection of the view factor is diminished. 
Cohen and Greenberg [72] state that view factor accuracy issues can arise “due to aliasing 
for small projections” and that “for very bright patches such as light sources, the effect of 
the inaccuracy can have a substantial deleterious effect”, but the authors do not quantify 





Figure 5-9. Graphical representation of the hemicube (top) and derivation of discrete view factors for the 




In order to counter these accuracy issues, a mesh scheme was developed that 
reduced small projection aliasing between specimen region and the inner wall of the 
molybdenum mirror, while also providing sufficient resolution in the radial direction. The  
two degrees of freedom for this scheme were the radial element thickness and the number 
of axial divisions for the insulation and mirror elements. The criteria for a converged mesh 
was to observe less than 0.1% change in average specimen region filament temperature 
while minimizing the product of the axial divisions and radial element size, N. Reducing 
the quantity N reduces the total number of radiation elements and improves solution times. 
Figure 5-10 plots the filament temperature vs. N. The optimal parameters were 
found to be 6 axial divisions and 0.35 mm radial element thickness, N = 2.10. The element 
thickness constraint was also applied to the top and bottom insulation parts. The final mesh 
scheme for the model can be seen in Figure 5-11. 
In order to verify the benefit of this meshing method, the heat flux error of the 
optimized mesh scheme was compared to the heat flux error from the earlier nonoptimized 
mesh scheme that employed cubic brick elements within the insulation region. These two 
insulation mesh schemes can be found in Figure 5-12. The heat flux error, which ANSYS 
reports to be unitless, was calculated using ANSYS provided numerical integration tools 
that sum the heat flux observed by a surface, and the optimal value is 0. The heat flux error 
of interest is associated with the specimen region surfaces; specifically, the crucible surface 
because it is susceptible to the most extreme aliasing for small projections. The average 
calculated steady state heat flux error for the optimized case is 1.886×10-4, the average 




















and the optimized mesh error is 15.3% of the nonoptimized case. 
Further, the temperature drop between the filament surface to the crucible surface 
was calculated for both cases.  The only heat transfer mechanism considered for these 
bodies in contact is conduction because ANSYS does not provide a mechanism to calculate 
intra-body radiation heat transfer. However, calculating the temperature drop across these 
bodies is useful because this quantity is proportional to heat flux. For the optimized mesh 
case, the temperature drop was calculated to be (2,345–1,970)°C = 375°C, and the 
temperature drop was calculated to be (2,425–2,101)°C = 324°C for the nonoptimized case.  
The relative difference between these two quantities is (375-324)/324 = 15.7%. The 
temperature drop for the nonoptimized case is also less than that of the optimized case, 
although both cases have the same power input and boundary conditions.   
 A final verification can be performed by comparing the temperature difference 
between the crucible surface and the inner surface of the molybdenum foil. For this case, 
thermal radiation is the dominant heat transfer mechanism and heat flux is proportional to 
(T4crucible -T4foil).  For the optimized and nonoptimized cases, these quantities are 
([1,970+273]4-[1,932+273]4])K4= 1.672×1012 K4 and ([2,101+273]4-[2,061+273]4])K4= 
2.087×1012 K4. The relative difference between these two quantities is 19.9%, which is on 
the order of the previous two calculated values. However, the radiation heat transfer case 
is highly nonlinear, and 0.5°C (~0.02%) changes in the temperatures of interest result in 




5.2 Steady State Modeling Study 
 
The OUTSET steady state model uses the geometry, meshing scheme, and input 
conditions described in previous sections. However, assigning material designations and 
thermophysical properties is required to complete the model. Material selection is for the 
steady state model is performed by associating user-defined material property data sets 
created in ANSYS Parametric Design Language (APDL). This association is performed by 
inserting a command snippet into each part instance, which allows the user to insert APDL 
commands within the Mechanical model, and manually set thermophysical properties for 
the instance. A set of technically reviewed APDL material property data sets, which are 
generated and used by the Nuclear Experiments and Irradiation Testing (NEIT) group at 
ORNL for creating thermally optimized experiments, were used for this purpose, and are 
referenced in Table 5-1. These property files are available upon request. Note, this 
approach is consistent with the lower dimensionality model. 
The property data sets provide referenced, temperature dependent thermophysical 
property data for thermal conductivity and specific heat capacity, as well as single data 
points for density and molecular weight. This higher resolution data was chosen over the 
ANSYS supplied engineering data, which generally provides single data points for thermal 
conductivity and specific heat capacity, in order to establish potentially more accurate 
simulations. The material designations for all parts can be seen graphically in Figure 5-13, 
with each corresponding part set highlighted in green, and in the ANSYS summary report 
found in Appendix III.  
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Table 5-1. Thermophysical property assignments for OUTSET parts/components. 
Material Reference OUTSET components 
Stainless Steel MAT_SS304.MAC [73] Enclosure 
Titanium  MAT_TI6AL4V.MAC [74] Gettering foil 
Molybdenum MAT_MOLY.MAC [75] Electrical lead wires and radiation mirror 
Poco Graphite MAT_POCO-GRAPHITE.MAC [76] 
Specimen region crucible and 
graphite plugs 
Tungsten MAT_TUNGSTEN.MAC [77] Thermocouple wires 
Zirconia MAT_ZRO2.MAC [78] Specimen region electrical insulation tube 
SIGRATHERM 
GFA Insulation MAT_GFA-GRAPHITE.MAC* Graphite insulation 
*SIGRATHERM GFA Insulation uses the same graphite properties as Poco graphite except for thermal 




1)   2)  
3)  4)  




Figure 5-13. Material designations for OUTSET (highlighted in green): 1) stainless steel, 2) titanium, 3) 




The OUTSET steady state model predicts temperatures for nominal conditions; i.e. 
300W power input and conditions outlined in the previous section. However, the model 
was also set up to parameterize certain component conditions to perform basic sensitivity 
analysis discussed later in this dissertation.  
The following components of the steady-state model were parameterized: 
• Thermocouple and electrical lead boundary condition temperature (°C)  
• Molybdenum mirror emissivity (unitless) 
• Graphite felt insulation emissivity (unitless) 
• Specimen region emissivity (unitless) 
• Thermocouple and electrical lead emissivity  
• Graphite insulation thermal conductivity perturbation (%) 
• Thermocouple contact with the crucible (binary) 
The nominal case parameters are defined in Table 5-2. Thermocouple and specimen 
region simulation outcomes using these nominal values are presented from Figure 5-14 
through Figure 5-17. The thermocouple result of interest is located at the junction, which 
is circled in Figure 5-17, and corresponds to the thermocouple maximum temperature. The 
junction is inserted into a vertical hole located in the graphite crucible, as indicated in 
Figure 5-16. This part is electrically isolated from the from the specimen region filament 
by the zirconia insulator tube, as described in section 4.2.1. The minimum, maximum and 
average temperatures for these components are reported in Table 5-3. Note that the 
maximum thermocouple temperature is located at the instrument junction point, as 
indicated in Figure 5-17, and will be compared to OUTSET experiment thermocouple data. 
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Table 5-2. OUTSET analysis nominal case parameters. 
Parameter Value 
Thermocouple and electrical lead boundary condition  175°C 
Molybdenum mirror emissivity 0.15 
Graphite felt insulation emissivity 0.75 
Specimen region emissivity 0.75 
Thermocouple and electrical lead Emissivity 0.15 
Thermocouple contact with the crucible on 
 
 


















graphite 2,297 2,040 2,360 3,650 
Zirconia 
insulator ZrO
2 2,141 1,932 2,358 2,700 









Figure 5-14. Specimen region filament temperature (°C) 
 
 










Figure 5-17. Thermocouple temperature (°C). Thermocouple junction coincides with the part maximum 




Steady state heat flux maps of the OUTSET model are used to illustrate the 
direction and magnitude of the heat as it is transmitted from the specimen region. These 
maps also provide information about the heat transfer trends within the system which is 
used to identify model regions that may be sensitive to input parameters or boundary 
conditions. Figure 5-18 through Figure 5-22 show various vector heat flux maps of the 
OUTSET steady state model. Figure 5-18 shows peak heat fluxes are found in the 
molybdenum electrical lead wires, thermocouple wires (not shown in the cross-section 
view), and the specimen region. Figure 5-19 through Figure 5-21 focus on the specimen 
region and insulation. The specimen region is shown to emit heat asymmetrically within 
the thermocouple hole, as seen in Figure 5-21. 
 Demonstrating energy conservation within the model is important to demonstrate 
the accuracy of the calculation. This was practically achieved by multiplying the ANSYS 
calculated specimen region average heat flux by the outer surface area of the specimen 
region. This quantity is expected to be equivalent to the 300 W heat input. ANSYS reports 
the average specimen region heat flux as 1.885×105 W/m2 and the specimen region outer 
surface area as 1.554×10-3 m2. Therefore, the total heat being transferred from the specimen 
region is 293 W, which is 97.6 % of the total heat input. This 2.4% discrepancy will be 
addressed in Section 5.5 
The same exercise was performed for the outer surfaces of the insulation to 
understand the distribution of heat between the outer surfaces of the insulation enclosure. 
The average heat flux total is 1.959×104 W/m2 and the total outside surface area for the 
enclosure is 1.418×10-2 m2, yielding a total heat load of 283 W. Note that the heat 
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transmission in the molybdenum and tungsten wires were neglected for this calculation, 
which accounts for the heat load discrepancy. The top and bottom insulative surfaces 
account for roughly 30% of the total heat transfer, and the remaining heat transfers through 
the enclosure wall surface. This distribution points out a potential limitation in ANSYS, 
given that the program cannot account for spectral radiation heat transfer. Photons being 
emitted from the specimen region surface are expected to be scattered from the lower 
emissivity mirror to the higher emissivity top and bottom ends and be absorbed. The 
radiation heat transfer would be biased on those high emissivity surfaces. ANSYS cannot 
perform ray tracing calculations to accurately represent the photon transport physics. 
However, the program does accurately conserve energy sufficiently enough to produce 
converged solutions. 
5.3 Transient Modeling Study 
 
The transient model uses the nominal conditions also used by the steady-state 
model. All geometry, meshing, and input/boundary conditions are common between the 
transient and steady state models. However, there are differences between the property 
choices because the ANSYS transient solver clears the material property settings 
performed by the APDL scripting and replaces the user-defined data with default 
engineering data after the first time step calculation is completed. Therefore, all model 
parts were designated single point thermophysical properties for corresponding materials 
found in the ANSYS supplied engineering database except for the SIGRATHERM GFA 





















the Engineering Database for this material because this material is expected to have such 
large temperature spans. A full list of the engineering data for the transient analysis can be 
found in the ANSYS summary report in Appendix IV. 
Based on experience gained from OUTSET testing, the transient was set to run for 
a duration of 600 seconds. This timeframe was at least twice the length of time required 
for the thermocouple temperature to stabilize for OUTSET experiment heat-up transients. 
The transient analysis follows the same solution scheme as the steady state case, except for 
the fact that it is solving for multiple time steps. The minimum time step used for this 
simulation was 0.01s, and automatic time stepping was controlled within ANSYS. The 
output for the specimen region filament and thermocouple response calculated in the 
transient analysis can be seen in Figure 5-22. Note that the temperatures specimen region 
temperatures appear to reach constant values around 300 seconds. 
5.4 Discussion of Results 
 
The purpose of steady-state and transient models is to provide a design tool that 
accurately predicts future iterations of OUTSET. The steady state and transient analyses 
use a common set nominal parameters values, input conditions, and boundary conditions 
and produced results that matched performance trends of the OUTSET experiment 
thermocouple response data. The primary difference between the steady-state and transient 
simulations is that thermophysical properties used by the steady-state model provide 
temperature dependent data, whereas the transient model uses default single value 
thermophysical property data provided by ANSYS for all materials except the insulative 
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graphite felt. The steady state case that uses higher resolution thermophysical property data 
yields an average specimen region filament temperature of 2,297°C and thermocouple 
response temperature of 1,988°C. The converged transient model yields an average 
specimen region filament temperature of 2,281°C and thermocouple response temperatures 
of 1,975°C. A comparison of these two cases shows less than a 1% difference between the 
converged transient and steady-state values. It seems that using lower resolution 
thermophysical property data provided by ANSYS, which yields faster solution times 
because it reduces convergence iterations, produces very good agreement with cases that 
use finer thermophysical property data. However, it is not recommended that this reduction 
in property resolution be applied to the GFA graphite insulation because of the large 
temperature spans observed in those parts. Both the transient analysis and steady state 
solutions took on the order of 8 hours to converge. 
5.5  Model Validation  
 
Model verification & validation (V&V) data are an important part of this work because it 
provides confidence that the model can accurately predict reality. The ASME Standard for 
Verification and Validation in Computational Fluid Dynamics and Heat Transfer (V&V 
20-2009) provides a recognized framework for performing V&V on the OUTSET model. 
Procedures within the V&V 20-2009 standard provide guidance on calculating both error 
(E) and validation uncertainty (uval) quantities that are used to quantify “the degree of 
accuracy inferred from the comparison of solution and data for a specified variable at a 




Figure 5-22. Transient analysis results for the specimen region filament and thermocouple response. 
 
 
a simulation result (solution) is compared with an experiment result (data) for specified 
validation variables at a specified set of conditions (validation point)” [79]. Validation 
variables are gathered from three cases, and the OUTSET experiment falls into Case 1: the 
validation variable is directly measured. For the OUTSET experiment, the validation 
variable is thermocouple temperature (To,D). Specifically, the Sensitivity Coefficient 
Propagation Approach for Estimating uval will be used for this work. The remainder of this 
section describes the calculation of error and uncertainty following the V&V 20-2009 Case 
1 Sensitivity Coefficient Propagation Approach procedure. The PPPT2 experiment will be 
used as the specific validation variable data set, and the thermocouple response simulation 
results will be taken from the OUTSET analyses described earlier in this chapter. A 
schematic of the V&V 20-2009 Case 1 Sensitivity Coefficient Propagation Approach 
strategy can be found in  Figure 5-23. 
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5.5.1 Calculating Error 
The V&V 20-2009 standard defines the error as the difference between the nominal 
measured validation point (D) and the nominal tabulated simulation point (S). The error 
calculation for the OUTSET V&V work considers the experiment data set presented in 
Figure 5-24, in accordance with V&V 20-2009. The dataset, which corresponds to the 
PPPT1 experiment, only includes points where 12s ≤ t ≤ 252s. All data from 0 s ≤ t ≤ 11s 
are omitted from the set due to early time power ramping. Data after t = 252s is also omitted 
from the set and is considered to be nonrepresentative due to thermocouple response 
corruption from current leakage through the zirconia insulator. Refer to Section 4.2 for 
details on this phenomenon. Using sheathed, ungrounded thermocouples in future larger 
version of OUSET may alleviate the electrical shunting problem. The maximum calculated 
error is 62.8°C, minimum calculated error is -284.5°C, and the average error is 0.5°C. The 
minimum calculated error is clustered within a period of thermocouple instability and 
appears to be an outlier in the data set. This response was likely caused by the electrical 
shunt effect, as discussed earlier. The total error dataset is presented in Figure 5-24. 
5.5.2 Evaluation of the Validation Uncertainty 
Evaluating validation uncertainty is defined as [79]: 
𝑖𝑖𝑣𝑣𝑖𝑖𝑖𝑖 =  �𝑖𝑖𝑇𝑇𝑜𝑜,𝐷𝐷
2 + 𝑖𝑖𝑖𝑖𝑝𝑝𝑠𝑠2 + 𝑖𝑖𝑖𝑖𝑖𝑖𝑝𝑝𝑝𝑝𝑖𝑖2  {%} 5-10 
where: 
 𝑖𝑖𝑇𝑇𝑜𝑜,𝐷𝐷 ≡ 𝑒𝑒𝑝𝑝𝑐𝑐𝑐𝑐𝑖𝑖𝑟𝑟𝑝𝑝𝑒𝑒𝑝𝑝𝑙𝑙𝑐𝑐 𝑖𝑖𝑙𝑙𝑐𝑐𝑝𝑝𝑟𝑟𝑐𝑐𝑐𝑐𝑖𝑖𝑙𝑙𝑐𝑐𝑐𝑐 





Figure 5-23. V&V 20-2009 Case 1 Sensitivity Coefficient Propagation Approach strategy [79]. 
 
 
Figure 5-24. Tabulated error between the OUTSET PPPT1 data and the transient analysis. 
 
123 
𝑖𝑖𝑖𝑖𝑖𝑖𝑝𝑝𝑝𝑝𝑖𝑖 ≡ 𝑒𝑒𝑐𝑐𝑑𝑑𝑝𝑝𝑙𝑙 𝑖𝑖𝑙𝑙𝑝𝑝𝑖𝑖𝑐𝑐 𝑖𝑖𝑙𝑙𝑐𝑐𝑝𝑝𝑟𝑟𝑐𝑐𝑐𝑐𝑖𝑖𝑙𝑙𝑐𝑐𝑐𝑐  
 
V&V 20-2009 formally defines the measurement uncertainty to be the square root 
of the sum of the squares of the systematic standard uncertainties for all independent error 
sources. For the OUTSET PPPT2 experiment, where the data are directly collected by a 
thermocouple, the systematic error is considered to be the fixed error of the type-C 
thermocouple and the calibration error of the Omega™ HH1384 thermometer. Omega™ 
reports the model T5R-015-12 type-C thermocouple has an accuracy of 1.0% over the 
temperature range from 0-2,330°C. The Omega™ HH1384 thermometer was calibrated at 
the ORNL metrology laboratory that organization reports a maximum error of 0.1%. 
Lastly, the error associated with thermocouple signal corruption at high temperatures is 
roughly 7.5 %. Therefore: 
𝑖𝑖𝑇𝑇𝑜𝑜,𝐷𝐷 =  �0.012 + 0.0012+0.0752 =  0.07567 𝑐𝑐𝑟𝑟 7.57% 5-11 
 
V&V 20-2009 instructs that numerical uncertainty is quantified through code 
verification. ANSYS FEA software has been tested in detail and has a library of 
referenceable verification cases. Two verification cases that strongly relate the OUTSET 
analysis are “Radiation between Infinite Coaxial Cylinders” – case VM228 and 
“Thermocouple Radiation” – case VM107. Specific details for these cases are included in 
the ANSYS Mechanical APDL Verification Manual [80]. The VM107 case reports an 
agreement of 100% with benchmark data results and the VM228 case reports a minimum 
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agreement of 95 % with benchmark data results. Therefore, the numerical uncertainty, 
𝑖𝑖𝑖𝑖𝑝𝑝𝑠𝑠 , is 5%. This quantity bounds the 2.4% discrepancy identified in Section 5.2 
Model input uncertainty (𝑖𝑖𝑖𝑖𝑖𝑖𝑝𝑝𝑝𝑝𝑖𝑖) for the OUTSET analyses are quantified by 
performing a sensitivity study on the steady state model thermocouple response to produce 
sensitivity coefficients by finite differences. These sensitivity coefficients are evaluated 
using independently perturbed input parameters that may affect the thermal performance 
of a model. This approach only takes the single parameters into account and no covariance 
of parameters were investigated. However, the ranges of perturbation were selected to 
account for temperature dependence, and correlation effects are not expected have a 
significant impact on the model performance beyond the cumulative effect of the individual 
parameters. For the OUTSET model, the input conditions include enclosure wall 
temperature, input power, material thermophysical properties, lead wire boundary 
temperature, power dissipation in lead wires, radiation heat transfer between bodies, and 
body-to-body contact resistance. This list is reduced to exclude specific heat capacity 
because this thermophysical property has no effect on a steady state model and thermal 
conductivity for all material excluding the GFA insulation.  
The steady state model reports a 1,500°C temperature span across the insulation 
which is roughly an order of magnitude larger than any other parts. Therefore, it is decided 
that perturbing the insulation thermal conductivity outweighs all other thermal conductivity 
perturbations for the remaining materials. The only body-to-body contact considered is that 
between the thermocouple and the crucible. The model reflects the OUTSET experiment 
configuration; i.e. the model assumes that all parts that are intended to be in contact remain 
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in contact for the duration of the analysis. However, it is difficult to verify that the 
thermocouple is in contact or remains in contact with the crucible over the duration of an 
experiment, so it must be assumed that the instrument either is in contact or it is not. Also, 
the specimen region flux map seen in Figure 5-21 shows that the model behaves 
asymmetrically as a consequence of inserting a thermocouple into the graphite annulus.  
The enclosure wall temperature perturbed value is selected to be 40°C cooler than 
the nominal case based on the surface temperature uncertainty calculated in Chapter 5. The 
lead wire boundary condition was increased by roughly 45% to explore the effect that large 
boundary condition changes have on thermocouple response because of the high heat flux 
in the leads (see Figure 5-18) and the actual temperature is not well quantified. The material 
emissivity perturbations were selected in accordance with measured total and spectral 
emissivity bounds found in the literature [70] [81]. The GFA graphite insulation thermal 
conductivity was perturbed ±5% based on the standard deviation of thermal conductivity 
measurements made in vacuum by Chahine et al. [82].  
The actual amount of electrical power being delivered to the specimen region is 
also not certain, due to the potential for Joule heating in the electrical circuit beyond the 
specimen region. Section 4.2.1 states that the specimen region has an electrical resistance 
of 1-2 Ω while at temperature. The 0.51mm diameter molybdenum electrical lead wire 
material has an electrical resistivity of roughly 2.5×10-3 Ω/cm. The length of wire used in 
each experiment is conservatively estimated at 25 cm, yielding a wire resistance of 0.06 Ω. 
Power is calculated as 𝑃𝑃 = 𝑉𝑉2𝐼𝐼 and, assuming the maximum current of 15 A is being 
delivered to the experiment, the power being dissipated in the molybdenum wires is 14 W 
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or 5% of 300W. Fourier’s law of cooling states that heat input is proportional to 
temperature drop. Table 5-3 states the maximum temperature drop across the specimen 
region is 436°C. Therefore, perturbing the power input 5% to account for losses in the 
molybdenum lead wires produces a 22°C (-5.05%) reduction in temperature drop across 
the specimen region. This leads to a -1.11% reduction in the thermocouple temperature.  
Radiation heat transfer between the molybdenum foil and the insulation is 
nominally neglected. This heat transfer mechanism is parameterized and is perturbed to 
either be off or on. Nominal emissivity values are used for this case. 
Table 5-4 shows the nominal and perturbed values used for each case. The 
sensitivity study pertains to the steady state thermocouple response, so all input parameter 
perturbations are quantified by the change in thermocouple temperature. Table 5-5 
summarizes the sensitivity study results, and the data are presented in Figure 5-25. The 
V&V 20-2009 standard defines model input uncertainty as: 





𝜒𝜒𝑖𝑖 ≡ 𝑖𝑖𝑖𝑖ℎ 𝑐𝑐𝑝𝑝𝑙𝑙𝑐𝑐𝑖𝑖𝑐𝑐𝑖𝑖𝑐𝑐𝑖𝑖𝑐𝑐𝑐𝑐 𝑐𝑐𝑐𝑐𝑝𝑝𝑠𝑠𝑠𝑠𝑖𝑖𝑐𝑐𝑖𝑖𝑝𝑝𝑙𝑙𝑐𝑐. 
 
Therefore: 
𝑖𝑖𝑖𝑖𝑖𝑖𝑝𝑝𝑝𝑝𝑖𝑖 =  �0.075672 �
(−.0201)2 + (. 0015)2 + (. 0026)2
+(−.0146)2 + (−.0014)2 + (. 0015)2
+(. 0468)2 + (−.0111)2 + (−.1217)2
� 
5-13 
𝑖𝑖𝑖𝑖𝑖𝑖𝑝𝑝𝑝𝑝𝑖𝑖 = 0.01008 𝑐𝑐𝑟𝑟 1.01%  
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Enclosure wall temperature  85°C 45°C 
Lead wire boundary condition temperature  175°C 250°C 
Molybdenum mirror\ Lead wire emissivity 0.15 0.19 
Graphite\GFA felt insulation emissivity 0.75 0.80 
Graphite insulation thermal conductivity perturbation 100%  105%/95% 
Thermocouple contact with the crucible on off 
Power reduction due to lead wire resistance 300 W 286 W 
Molybdenum mirror transmission to insulation off on 
 
 
Table 5-5. Summary of sensitivity study for model input uncertainty quantification. 
Input Parameter Nominal case Perturbed Case Difference °C °C °C % 
Enclosure wall temperature  
1,988 
1,948 -40 -2.01 
Lead wire boundary condition 
temperature  1,991 3 0.15 
Molybdenum mirror\ Lead wire 
emissivity 1,983 -5 0.26 
Graphite\GFA felt insulation 
emissivity 1,959 -29 -1.46 
Graphite insulation thermal 
conductivity perturbation (105%)  1,985 -3 -0.14 
Graphite insulation thermal 
conductivity perturbation (95%) 1,991 3 0.15 
Thermocouple contact with the 
crucible (off) 1,895 -93 -4.68 
Power reduction due to lead wire 
resistance 1,966 -22 -1.11 
Molybdenum mirror transmission to 








From equation 5-10, the OUTSET modeling validation uncertainty is calculated in 
the following expression. The OUTSET transient model estimated uncertainty is plotted 
against OUTSET PPPT1 and PPPT2 experiment data in Figure 5-26. 
𝑖𝑖𝑣𝑣𝑖𝑖𝑖𝑖 =  �𝑖𝑖𝑇𝑇𝑜𝑜,𝐷𝐷
2 + 𝑖𝑖𝑖𝑖𝑝𝑝𝑠𝑠2 + 𝑖𝑖𝑖𝑖𝑖𝑖𝑝𝑝𝑝𝑝𝑖𝑖2 =  �0.07567 2 + 0.05 2 + 0.01008 2 
𝑖𝑖𝑣𝑣𝑖𝑖𝑖𝑖 = 0.091 𝑐𝑐𝑟𝑟 9.1% 
 
It should be noted that the sensitivity study remains incomplete. Specifically, the 
author acknowledges that the employed approach to calculating radiation heat transfer 
relies on the assumption that the values of emissivity for the various components are 
dependent only on temperature. This assumption is somewhat non-physical because it 
neglects the specular and angular dependence of the photon emissions within the enclosure. 
Given that the inner plenum of the experiment is not completely lined with reflective 
molybdenum foil and the top and bottom felt pieces are exposed to the specimen region, 
the radiation heat transfer has an inherent angular dependence. Moreover, the potential for 
oxidation of the reflective materials caused by moisture or oxygen that is volatilized during 
the experiment was not considered while modeling OUTSET. This phenomenon may occur 
and will have an impact on the spectral emissivity values of these materials. These impacts 
could not be explicitly modeled, given ANSYS can only accept an average temperature 
dependent emissivity. ANSYS also cannot perform ray tracing in a highly reflective photon 
rich environment. This limitation may lead to inaccurate handling of the radiation heat 
transfer at the top and bottom of the experiment plenum where surfaces have higher values 










study to attempt to account for these shortcomings, but explicit uncertainty for these 
physics were not fully explored in this study. It is recommended that a more in-depth study 
be performed to investigate the effects that specular and angular have on the thermal 




CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE 
WORK 
This document describes a strategy for testing high-temperature fuels to support 
NTP fuel qualification. This strategy is comprised of three phases that include establishing 
an experiment design basis, called OUTSET, that can be thermally tested to validate 
models for designing and predicting the performance of experiments. The first phase is 
followed by designing and deploying in-pile reactor tests that will expose potential fuel 
candidates to prototypic NTP conditions and irradiate sub-scale fuel samples to obtain 
thermophysical property and mechanical testing data. The final phase transitions to full-
scale reactor tests that expose full-scale prototypic fuel geometries to prototypic NTP 
conditions. Baseline design requirements for OUTSET are established as part of this 
dissertation. These requirements were used to fabricate and assemble the initial version of 
OUTSET. This apparatus was tested under various power conditions; and the Peak Power 
Peak Temperature series of these tests were used to generate benchmark thermal 
performance data. The data were predominantly generated by instrumenting the specimen 
region with a type-C thermocouple, but melt wires were incorporated into the specimen 
region to establish confirmatory minimum achieved temperatures, and a SWIR camera was 
unsuccessfully used to gather specimen region surface temperatures. An OUTSET finite 
element model capable of predicting steady-state and transient thermal performance was 
also developed and validated in accordance with ASME V&V 20-2009 as part of this work.  
OUTSET is intended to be analogous to other non-radiological facilities, such as 
CFEET and NTREES, and will provide key capabilities for performing separate effects 
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testing to rapidly down-select or qualify NTP fuels and components. However, the current 
version of OUTSET has only been demonstrated to operate under vacuum conditions. 
Future designs must incorporate the ability to deliver inert gas and hydrogen gas to the 
specimen region. As OUTSET transitions to an in-pile testing experiment, CFEET and 
NTREES will manage most of the out-of-pile testing portion of the strategy and stream 
optimized fuel forms to the in-pile iteration of OUTSET to fulfill the second phase of the 
testing strategy. Historically, this level of fuel/component qualification was performed by 
building prototypic reactors or nuclear furnaces. The testing strategy proposed in this 
dissertation can reduce project risk and lead to a more efficient fuel qualification process 
that are essential for the success of future NTP technology. 
Almost nothing has been accomplished along the line of developing sub-scale in-
pile irradiation experiments that can reach NTP conditions. The work detailed here intends 
to demonstrate such a platform to pioneer lower risk sub-scale experiments. Other 
contributions to the current state-of-the-art include: 
• The development of an out-of-pile experiment that meets programmatic 
requirements.    
• Low-cost DC electrical specimen region heating design that is able to heat 
specimens to NTP temperatures with 300 W of electrical power.  
• A reliable set of preliminary thermal performance data that can be used to 
benchmark designs in support of future phases of the NTP fuel testing strategy. 
The DC electrical specimen region heating design is particularly noteworthy. High-
temperature resistant zirconia insulators, solid graphite, and graphite felt were used to 
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devise a compact electrical specimen region that is capable of producing centerline 
temperatures in excess of 2,200°C. This approach to delivering power to OUTSET 
specimen is beneficial because the heat transfer characteristics are independent of specimen 
material which makes the OUTSET design versatile. Note that this work did not 
incorporate surrogate specimen material into OUTSET and that the development and 
testing of OUTSET was intended to demonstrate its feasibility and to generate data to 
validate design models for future in-pile tests. The heating concept has wide-ranging 
applications for other high-temperature experiment applications that include molten salt 
reactor component testing and commercial high-temperature furnace heater element 
design. Currently, this work has yielded two ORNL invention disclosure submissions and 
preliminary actions are being taken to patent some of the heating design technology. 
Creating in-pile experiment facilities that are capable of subjecting fuel candidates 
to prototypic NTP conditions is of great interest to the NASA led domestic nuclear thermal 
propulsion program. National laboratories within the Department of Energy complex are 
working to develop experiment facilities that are compatible with the existing domestic 
research reactors. Operation of Transient Reactor Test (TREAT) Facility, located at the 
Idaho National Laboratory, was resumed 2018.  At the time of this writing, engineers and 
researchers are working to design and qualify in-pile testing capabilities at a larger scale 
for the (TREAT) Facility in support of NTP fuel qualification.  
6.1 Future Work 
 
 There are several areas of OUTSET development that deserve more attention, including: 
 
135 
• Establish a secondary loop within the specimen region to provide the crucial 
capability to impart hydrogen gas on the NTP specimen, 
• Further improvement of prototypic NTP temperature resistant electrical 
connections for the specimen region, 
• Troubleshooting and development of a more robust optical system for performing 
non-contact temperature measurements, 
• Expanding the OUTSET design to allow for larger samples and different heat 
transfer mediums (i.e. inert fill gases), 
• Perform preliminary radiological tests with fuel surrogates to verify in-pile 
OUTSET performance. 
While the primary goal of phase 1 of the fuel testing strategy is to establish an in-
pile experiment format which derives its power source from fission, OUTSET has many 
other out-of-pile applications that require reliable electrical heating. A more robust 
electrical connector that is capable of withstanding power impulses should be developed. 
Alternate materials and electrical lead configurations should also be investigated due to the 
embrittlement that was observed in the refractory metals as a result of a perceived reaction 
with volatilized oxygen and/ or moisture entrained in the experiment. Potential 
improvements include identifying more stable electrical resistor materials that do not 
volatilize or release entrained oxygen that will react with the refractory metals at elevated 
temperatures. This effect may also be alleviated by employing a better vacuum system that 
can remove entrained contaminants prior to starting experiment trials. Also, improving the 
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electrical lead configuration to establish a positive connection with the heater filament will 
improve the reliability of the electrical heating circuit. 
Chapter 4 described an optical temperature measurement system that uses a SWIR 
camera to perform no-contact surface temperature measurements of the OUTSET graphite 
crucible. However, there were some discrepancies between the SWIR measurements and 
the thermocouple data that must be reconciled. Troubleshooting of these discrepancies was 
halted after the initial tests were completed because the development of such an optical 
system was beyond the scope of this project. However, at the time of this writing, the author 
is working to obtain funding to further develop the SWIR camera system to make non-
contact measurements. This work is required to instrument experiments supporting in-pile 
phases of the testing strategy, given the documented issues associated using type-C 
thermocouples in high neutron fluence applications [44], because they tend to decalibrate 
as a function of material transmutation in a neutron field.  
The current version of OUTSET is only capable of handling samples on the order 
of 3.0 mm diameter x 3.0 mm, maximum. This form factor is selected to accommodate 
specimens designed for gathering mechanical and thermophysical property data. Other 
NTP technology development applications such as NTP instrumentation may require a 
more flexible sample region. Dimensionally up-scaling OUTSET to allow for larger 
specimen geometries will lead to increased power requirements to achieve prototypic NTP 
temperatures. Consequences of this change include an increased heat sink capacity and 
power delivery systems. While the heat transfer characteristics of a larger system are 
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generally identical to the current OUTSET design, the current set assumptions made may 
not hold true for a larger water-cooled experiment.  
OUTSET is intended to yield in-pile experiments to perform radiological tests on 
NTP fuels. The version of OUTSET described in this work was designed to be compatible 
with water-cooled research reactor environments. However, the radiation performance of 
the SIGRATHERM GFA insulation has yet to be demonstrated in-pile. At the time of this 
writing SGL Group, the graphite felt manufacturer, had no referenceable nuclear 
performance data for the insulation. Performing reactor tests to understand the potential 
degradation of thermal conductivity as a function of temperature and neutron fluence is 
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Tungsten-Rhenium Twisted Beaded 
Thermocouples
Tungsten-rhenium thermocouples were developed 
to meet the requirements for measuring ultra-high 
temperatures in the 2760°C (5000°F) range.
OMEGA sells 3 widely used tungsten-rhenium 
thermocouple calibrations: tungsten versus  
tungsten-26% rhenium, tungsten-5% rhenium  
versus tungsten-26% rhenium, and tungsten-3% 
rhenium versus tungsten-25% rhenium.
OMEGA® tungsten-rhenium thermocouples conform 
to the limits of error listed in the table below.
Because of the inherent brittleness of unalloyed tungsten, 
the tungsten versus tungsten-26% rhenium thermocouples 
are more difficult to handle than the tungsten-5% rhenium 
versus tungsten-26% rhenium combination.
The average emf of the W-3% Re/W-25% Re is slightly 
less than that of W/W-26% Re and slightly more than  
that of W-5% Re/W-26% Re. The ductility of W-3% Re  
is about equal to that of  W-5% Re, but superior to that  
of unalloyed tungsten.
All 3 thermocouple calibrations can be used to 2760°C 
(5000°F) in hydrogen or inert gas atmospheres and in  
a vacuum. They deteriorate rapidly under oxidizing 
conditions and should not be used in air or atmospheres 
containing oxygen.
OMEGA tungsten-rhenium thermocouples come 
in 300 mm (12") lengths, which corresponds to  
each for a 600 mm (24") total length. Longer  
lead lengths are available; consult sales.
Wire Diameter mm (inch) Temperature Range (†) Maximum Error or Departure
0.075 0 to 425°C (32 to 800°F) ±4.5°C (±8°F) 
(0.003) 426 to 1750°C (800 to 3200°F) ±1%
0.125 0 to 425°C (32 to 800°F) ±4.5°C (±8°F) 
(0.005) 426 to 1975°C (800 to 3600°F) ±1%
0.25 to 0.50 0 to 425°C (32 to 800°F) ±4.5°C (±8°F) 
(0.010 to 0.020) 426 to 2325°C (800 to 4200°F) ±1%
Limits of Error for Tungsten-Rhenium Thermocouple Wire Combinations
† Up to 2760°C (5000°F) for short-term exposure.
For OB-Series of Visit 
OMEGABOND® Cements 
at omega.com.
For ceramic insulators visit us online.
* Most popular of the 3 tungsten-rhenium thermocouples; a large selection of instrumentation is available.
** Tungsten-rhenium alloy thermocouples are supplied in standard 300 mm (12") lengths [600 mm (24") loops]. Change suffix “-12” in model number 
to indicate additional length (in inches) required. Consult Sales for other sizes.
Ordering Example: T5R-005-12, 300 mm (12"), Type C thermocouple, 0.125 mm (0.005") diameter.
 To Order
Wire Diameter Unsheathed 














 0.250 (0.010) T5R-010-12
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Omega HH1384 Datalogger Datasheet  
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ASM 340 helium Leak Detector Datasheet  
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GFA Insulation Template 
GFA Insulation template (intended for 1/8 in. thick felt)
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Appendix II  





heat transfer coefficient (W/m2-C)

































































qin_hous Qgensample 4.332 10
4 W
m






















Tins_o Thous_i Tins_o /°C 196
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 Appendix III 




First Saved Sunday, October 28, 2018
Last Saved Monday, March 4, 2019
Product Version 19.1 Release
Save Project Before Solution No
Save Project After Solution No



































Model (C2) > Geometry
TABLE 3







Element Control Program Controlled
Display Style Body Color
Bounding Box
Length X 6.9088e-002 m
Length Y 8.7854e-002 m
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TABLE 4
Model (C2) > Geometry > SS_HOUSING(Transient Thermal) > Command Snippet
Model (C2) > Geometry > SS_HOUSING(Transient Thermal) > Commands (APDL) 2(Transient Thermal)
!   Commands inserted into this file will be executed just after material definitions in /PREP7.
!   The material number for this body is equal to the parameter "matid" unless a part of a Material Assignment.
!   The element type numbers for this body is equal to the parameter "typeids".
!   Active UNIT system in Workbench when this object was created:  Metric (m, kg, N, s, V, A)
!   NOTE:  Any data that requires units (such as mass) is assumed to be in the consistent solver unit system.



















Length X 4.4703e-002 m 6.9088e-002 m 1.905e-002 m 3.302e-002 m 2.102e-002 m 6.9088e-002 m
Length Y 4.4704e-002 m 6.9088e-002 m 1.9779e-002 m 7.62e-003 m 6.35e-003 m 6.9088e-002 m
Length Z 0.1017 m 1.27e-002 m 1.905e-002 m 3.302e-002 m 6.35e-003 m 1.27e-002 m
Propertie
Volume 5.376e-005 m³ 2.628e-005 m³ 1.6435e-006 m³ 4.0599e-006 m³ 3.1508e-007 m³ 3.1093e-005 m³
Mass 0.42202 kg 0.2063 kg 1.2901e-002 kg 3.1871e-002 kg 2.4734e-003 kg 0.24408 kg
Centroid X -2.6161e-018 m 9.1066e-008 m -1.431e-004 m 1.0759e-013 m 1.9661e-002 m 7.6927e-008 m
Centroid Y 9.8474e-019 m 1.015e-007 m 3.0754e-002 m 4.0668e-002 m 2.9e-002 m -8.5792e-008 m












kg·m² 1.72e-004 kg·m² 9.8459e-007 kg·m² 5.591e-006 kg·m² 1.8915e-008 kg·m² 1.8344e-004 kg·m
Statistics
Nodes 32278 25104 0 9556
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TABLE 5
Model (C2) > Geometry > SS_HOUSING_FLANGE(Transient Thermal) > Command Snippet
Model (C2) > Geometry > SS_HOUSING_FLANGE(Transient Thermal) > Commands (APDL) 2(Transient Thermal)
!   Commands inserted into this file will be executed just after material definitions in /PREP7.
!   The material number for this body is equal to the parameter "matid" unless a part of a Material Assignment.
!   The element type numbers for this body is equal to the parameter "typeids".
!   Active UNIT system in Workbench when this object was created:  Metric (m, kg, N, s, V, A)
!   NOTE:  Any data that requires units (such as mass) is assumed to be in the consistent solver unit system.
!                See Solving Units in the help system for more information.
MAT_SS304,matid
TABLE 6
Model (C2) > Geometry > SS_VIEWPORT_TUBE(Transient Thermal) > Command Snippet
Model (C2) > Geometry > SS_VIEWPORT_TUBE(Transient Thermal) > Commands (APDL) 2(Transient Thermal)
!   Commands inserted into this file will be executed just after material definitions in /PREP7.
!   The material number for this body is equal to the parameter "matid" unless a part of a Material Assignment.
!   The element type numbers for this body is equal to the parameter "typeids".
!   Active UNIT system in Workbench when this object was created:  Metric (m, kg, N, s, V, A)
!   NOTE:  Any data that requires units (such as mass) is assumed to be in the consistent solver unit system.
!                See Solving Units in the help system for more information.
MAT_SS304,matid
TABLE 7
Model (C2) > Geometry > SS_VIEWPORT_FLANGE(Transient Thermal) > Command Snippet
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Model (C2) > Geometry > SS_VIEWPORT_FLANGE(Transient Thermal) > Commands (APDL) 2(Transient Thermal)
!   Commands inserted into this file will be executed just after material definitions in /PREP7.
!   The material number for this body is equal to the parameter "matid" unless a part of a Material Assignment.
!   The element type numbers for this body is equal to the parameter "typeids".
!   Active UNIT system in Workbench when this object was created:  Metric (m, kg, N, s, V, A)
!   NOTE:  Any data that requires units (such as mass) is assumed to be in the consistent solver unit system.
!                See Solving Units in the help system for more information.
MAT_SS304,matid
TABLE 8
Model (C2) > Geometry > SS_EXHAUST_TUBE(Transient Thermal) > Command Snippet
Model (C2) > Geometry > SS_EXHAUST_TUBE(Transient Thermal) > Commands (APDL) 2(Transient Thermal)
!   Commands inserted into this file will be executed just after material definitions in /PREP7.
!   The material number for this body is equal to the parameter "matid" unless a part of a Material Assignment.
!   The element type numbers for this body is equal to the parameter "typeids".
!   Active UNIT system in Workbench when this object was created:  Metric (m, kg, N, s, V, A)
!   NOTE:  Any data that requires units (such as mass) is assumed to be in the consistent solver unit system.
!                See Solving Units in the help system for more information.
MAT_SS304,matid
TABLE 9
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Model (C2) > Geometry > SS_REDUCER_LOWER_FLANGE(Transient Thermal) > Commands (APDL) 2(Transient Thermal)
!   Commands inserted into this file will be executed just after material definitions in /PREP7.
!   The material number for this body is equal to the parameter "matid" unless a part of a Material Assignment.
!   The element type numbers for this body is equal to the parameter "typeids".
!   Active UNIT system in Workbench when this object was created:  Metric (m, kg, N, s, V, A)
!   NOTE:  Any data that requires units (such as mass) is assumed to be in the consistent solver unit system.
!                See Solving Units in the help system for more information.
MAT_SS304,matid
TABLE 10
Model (C2) > Geometry > GFA_INSULATOR_BOTTOM_1(Transient Thermal) > Command Snippet
Model (C2) > Geometry > GFA_INSULATOR_BOTTOM_1(Transient Thermal) > Commands (APDL) 2(Transient Thermal)
!   Commands inserted into this file will be executed just after material definitions in /PREP7.
!   The material number for this body is equal to the parameter "matid" unless a part of a Material Assignment.
!   The element type numbers for this body is equal to the parameter "typeids".
!   Active UNIT system in Workbench when this object was created:  Metric (m, kg, N, s, V, A)
!   NOTE:  Any data that requires units (such as mass) is assumed to be in the consistent solver unit system.
!                See Solving Units in the help system for more information.
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Model (C2) > Geometry > GFA_INSULATOR_BOTTOM_2(Transient Thermal) > Commands (APDL) 2(Transient Thermal)
!   Commands inserted into this file will be executed just after material definitions in /PREP7.
!   The material number for this body is equal to the parameter "matid" unless a part of a Material Assignment.
!   The element type numbers for this body is equal to the parameter "typeids".
!   Active UNIT system in Workbench when this object was created:  Metric (m, kg, N, s, V, A)
!   NOTE:  Any data that requires units (such as mass) is assumed to be in the consistent solver unit system.









Model (C2) > Geometry > GFA_INSULATOR_WALL_1(Transient Thermal) > Command Snippet
Model (C2) > Geometry > GFA_INSULATOR_WALL_1(Transient Thermal) > Commands (APDL) 2(Transient Thermal)
!   Commands inserted into this file will be executed just after material definitions in /PREP7.
!   The material number for this body is equal to the parameter "matid" unless a part of a Material Assignment.
!   The element type numbers for this body is equal to the parameter "typeids".
!   Active UNIT system in Workbench when this object was created:  Metric (m, kg, N, s, V, A)
!   NOTE:  Any data that requires units (such as mass) is assumed to be in the consistent solver unit system.
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Model (C2) > Geometry > TI_GETTER(Transient Thermal) > Commands (APDL) 2(Transient Thermal)
MAT_TI6AL4V,matid
TABLE 14
Model (C2) > Geometry > GFA_INSULATOR_WALL_2(Transient Thermal) > Command Snippet
Model (C2) > Geometry > GFA_INSULATOR_WALL_2(Transient Thermal) > Commands (APDL) 2(Transient Thermal)
!   Commands inserted into this file will be executed just after material definitions in /PREP7.
!   The material number for this body is equal to the parameter "matid" unless a part of a Material Assignment.
!   The element type numbers for this body is equal to the parameter "typeids".
!   Active UNIT system in Workbench when this object was created:  Metric (m, kg, N, s, V, A)
!   NOTE:  Any data that requires units (such as mass) is assumed to be in the consistent solver unit system.





































































Length X 4.1402e-002 m 4.8e-002 m 3.3782e-002 m 2.1e-002 m
Length Y 4.1402e-002 m 4.8e-002 m 8.8646e-003 m 2.e-003 m
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TABLE 16
Model (C2) > Geometry > GFA_INSULATOR_TOP_2(Transient Thermal) > Command Snippet
Model (C2) > Geometry > GFA_INSULATOR_TOP_2(Transient Thermal) > Commands (APDL) 2(Transient Thermal)
!   Commands inserted into this file will be executed just after material definitions in /PREP7.
!   The material number for this body is equal to the parameter "matid" unless a part of a Material Assignment.
!   The element type numbers for this body is equal to the parameter "typeids".
!   Active UNIT system in Workbench when this object was created:  Metric (m, kg, N, s, V, A)
!   NOTE:  Any data that requires units (such as mass) is assumed to be in the consistent solver unit system.









Model (C2) > Geometry > GFA_INSULATOR_TOP_1(Transient Thermal) > Command Snippet
Length Z 1.7463e-003 m 2.e-003 m 3.3782e-002 m 2.1e-002 m
Prope
Volume 2.349e-006 m³ 1.4681e-006 m³ 5.1296e-006 m³ 2.9047e-007 m³
Mass 1.8439e-002 kg 1.1525e-002 kg 4.0267e-002 kg 2.2802e-003 kg
Centroid X 3.7627e-021 m 3.3468e-008 m 1.5725e-009 m 7.5175e-007 m
Centroid Y 2.8028e-017 m 2.8348e-017 m -1.7758e-006 m 4.8945e-002 m 4.4253e-002 m
Centroid Z 0.10258 m 0.10432 m 0.10619 m 5.9026e-002 m
Moment of 












Nodes 9143 8907 172 0
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Model (C2) > Geometry > GFA_INSULATOR_TOP_1(Transient Thermal) > Commands (APDL) 2(Transient Thermal)
!   Commands inserted into this file will be executed just after material definitions in /PREP7.
!   The material number for this body is equal to the parameter "matid" unless a part of a Material Assignment.
!   The element type numbers for this body is equal to the parameter "typeids".
!   Active UNIT system in Workbench when this object was created:  Metric (m, kg, N, s, V, A)
!   NOTE:  Any data that requires units (such as mass) is assumed to be in the consistent solver unit system.









Model (C2) > Geometry > CU_HOUSLING_FLANGE_GASKET(Transient Thermal) > Command Snippet
Model (C2) > Geometry > CU_HOUSLING_FLANGE_GASKET(Transient Thermal) > Commands (APDL)(Transient Thermal)
!   Commands inserted into this file will be executed just after material definitions in /PREP7.
!   The material number for this body is equal to the parameter "matid".
!   Active UNIT system in Workbench when this object was created:  Metric (m, kg, N, s, V, A)
!   NOTE:  Any data that requires units (such as mass) is assumed to be in the consistent solver unit system.
!                See Solving Units in the help system for more information.
MAT_COPPER, matid
TABLE 19
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Model (C2) > Geometry > SS_VIEWPORT(Transient Thermal) > Commands (APDL) 2(Transient Thermal)
!   Commands inserted into this file will be executed just after material definitions in /PREP7.
!   The material number for this body is equal to the parameter "matid" unless a part of a Material Assignment.
!   The element type numbers for this body is equal to the parameter "typeids".
!   Active UNIT system in Workbench when this object was created:  Metric (m, kg, N, s, V, A)
!   NOTE:  Any data that requires units (such as mass) is assumed to be in the consistent solver unit system.
!                See Solving Units in the help system for more information.
MAT_SS304,matid
TABLE 20
Model (C2) > Geometry > CU_VIEWPORT_FLANGE_GASKET(Transient Thermal) > Command Snippet
Model (C2) > Geometry > CU_VIEWPORT_FLANGE_GASKET(Transient Thermal) > Commands (APDL) 2(Transient Thermal)
!   Commands inserted into this file will be executed just after material definitions in /PREP7.
!   The material number for this body is equal to the parameter "matid" unless a part of a Material Assignment.
!   The element type numbers for this body is equal to the parameter "typeids".
!   Active UNIT system in Workbench when this object was created:  Metric (m, kg, N, s, V, A)
!   NOTE:  Any data that requires units (such as mass) is assumed to be in the consistent solver unit system.
!                See Solving Units in the help system for more information.
MAT_COPPER,matid
TABLE 21
Model (C2) > Geometry > GRAPHITE_CRUCIBLE(Transient Thermal) > Command Snippet
Model (C2) > Geometry > GRAPHITE_CRUCIBLE(Transient Thermal) > Commands (APDL) 2(Transient Thermal)
!   Commands inserted into this file will be executed just after material definitions in /PREP7.
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!   The element type numbers for this body is equal to the parameter "typeids".
!   Active UNIT system in Workbench when this object was created:  Metric (m, kg, N, s, V, A)
!   NOTE:  Any data that requires units (such as mass) is assumed to be in the consistent solver unit system.
!                See Solving Units in the help system for more information.
MAT_POCO-GRAPHITE,matid
TABLE 22
Model (C2) > Geometry > ZRO2_TUBE(Transient Thermal) > Command Snippet
Model (C2) > Geometry > ZRO2_TUBE(Transient Thermal) > Commands (APDL) 2(Transient Thermal)
!   Commands inserted into this file will be executed just after material definitions in /PREP7.
!   The material number for this body is equal to the parameter "matid" unless a part of a Material Assignment.
!   The element type numbers for this body is equal to the parameter "typeids".
!   Active UNIT system in Workbench when this object was created:  Metric (m, kg, N, s, V, A)
!   NOTE:  Any data that requires units (such as mass) is assumed to be in the consistent solver unit system.
!                See Solving Units in the help system for more information.
MAT_ZRO2,matid
TABLE 23
Model (C2) > Geometry > GFA_FILAMENT(Transient Thermal) > Command Snippet
Model (C2) > Geometry > GFA_FILAMENT(Transient Thermal) > Commands (APDL)(Transient Thermal)
!   Commands inserted into this file will be executed just after material definitions in /PREP7.
!   The material number for this body is equal to the parameter "matid" unless a part of a Material Assignment.
!   The element type numbers for this body is equal to the parameter "typeids".
!   Active UNIT system in Workbench when this object was created:  Metric (m, kg, N, s, V, A)
!   NOTE:  Any data that requires units (such as mass) is assumed to be in the consistent solver unit system.
!                See Solving Units in the help system for more information.
MAT_GFA-GRAPHITE,matid
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TABLE 24
Model (C2) > Geometry > GRAPHITE_FILAMENT_PLUG_1(Transient Thermal) > Command Snippet
Model (C2) > Geometry > GRAPHITE_FILAMENT_PLUG_1(Transient Thermal) > Commands (APDL) 2(Transient Thermal)
!   Commands inserted into this file will be executed just after material definitions in /PREP7.
!   The material number for this body is equal to the parameter "matid" unless a part of a Material Assignment.
!   The element type numbers for this body is equal to the parameter "typeids".
!   Active UNIT system in Workbench when this object was created:  Metric (m, kg, N, s, V, A)
!   NOTE:  Any data that requires units (such as mass) is assumed to be in the consistent solver unit system.
!                See Solving Units in the help system for more information.
MAT_POCO-GRAPHITE,matid
TABLE 25
Model (C2) > Geometry > GRAPHITE_FILAMENT_PLUG_2(Transient Thermal) > Command Snippet
Model (C2) > Geometry > GRAPHITE_FILAMENT_PLUG_2(Transient Thermal) > Commands (APDL) 2(Transient Thermal)
!   Commands inserted into this file will be executed just after material definitions in /PREP7.
!   The material number for this body is equal to the parameter "matid" unless a part of a Material Assignment.
!   The element type numbers for this body is equal to the parameter "typeids".
!   Active UNIT system in Workbench when this object was created:  Metric (m, kg, N, s, V, A)
!   NOTE:  Any data that requires units (such as mass) is assumed to be in the consistent solver unit system.
!                See Solving Units in the help system for more information.
MAT_POCO-GRAPHITE,matid
TABLE 26
Model (C2) > Geometry > MO_ELECTRODE_2(Transient Thermal) > Command Snippet
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Model (C2) > Geometry > MO_ELECTRODE_2(Transient Thermal) > Commands (APDL) 2(Transient Thermal)
!   Commands inserted into this file will be executed just after material definitions in /PREP7.
!   The material number for this body is equal to the parameter "matid" unless a part of a Material Assignment.
!   The element type numbers for this body is equal to the parameter "typeids".
!   Active UNIT system in Workbench when this object was created:  Metric (m, kg, N, s, V, A)
!   NOTE:  Any data that requires units (such as mass) is assumed to be in the consistent solver unit system.
!                See Solving Units in the help system for more information.
MAT_MOLY,matid
TABLE 27
Model (C2) > Geometry > Parts
TABLE 28











































Length X 2.8874e-003 m 1.9203e-003 m 4.5204e-003 m 3.81e-002 m 2.534e-002 m
Length Y 5.988e-003 m 1.044e-003 m 9.9958e-003 m 3.81e-002 m 2.534e-002 m
Length Z 0.10576 m 8.945e-002 m 4.7575e-002 m 8.53e-002 m
Properties
Volume 2.0809e-008 m³ 2.0764e-008 m³ 1.121e-008 m³ 7.4409e-006 m³ 5.7526e-007 m³
Mass 1.6335e-004 kg 1.63e-004 kg 8.8e-005 kg 5.8411e-002 kg 4.5158e-003 kg
Centroid X 4.1991e-003 m 5.6401e-003 m -1.8869e-003 m 3.822e-006 m 7.6808e-017 m
Centroid Y -2.3207e-003 m 4.5811e-004 m 1.4298e-003 m -2.0307e-010 m 1.6233e-017 m
Centroid Z 0.11194 m 0.11622 m 0.13828 m 5.9e-002 m
Moment of Inertia 
Ip1 1.5216e-007 kg·m² 1.5025e-007 kg·m² 6.7586e-008 kg·m² 1.7177e-005 kg·m² 3.0806e-006 kg·m²
Moment of Inertia 
Ip2 1.5214e-007 kg·m² 1.5025e-007 kg·m² 6.7362e-008 kg·m² 1.7177e-005 kg·m² 3.0806e-006 kg·m²
Moment of Inertia 
Ip3 2.6707e-011 kg·m² 6.0601e-012 kg·m² 2.2542e-010 kg·m² 1.4205e-005 kg·m² 7.1279e-007 kg·m²
Statistics
Nodes 1956 2130 432 9626
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Model (C2) > Geometry > TUNGSTEN_TC_1(Transient Thermal) > Commands (APDL) 2(Transient Thermal)
!   Commands inserted into this file will be executed just after material definitions in /PREP7.
!   The material number for this body is equal to the parameter "matid" unless a part of a Material Assignment.
!   The element type numbers for this body is equal to the parameter "typeids".
!   Active UNIT system in Workbench when this object was created:  Metric (m, kg, N, s, V, A)
!   NOTE:  Any data that requires units (such as mass) is assumed to be in the consistent solver unit system.
!                See Solving Units in the help system for more information.
MAT_TUNGSTEN,matid
TABLE 29
Model (C2) > Geometry > TUNGSTEN_TC_2(Transient Thermal) > Command Snippet
Model (C2) > Geometry > TUNGSTEN_TC_2(Transient Thermal) > Commands (APDL) 2(Transient Thermal)
!   Commands inserted into this file will be executed just after material definitions in /PREP7.
!   The material number for this body is equal to the parameter "matid" unless a part of a Material Assignment.
!   The element type numbers for this body is equal to the parameter "typeids".
!   Active UNIT system in Workbench when this object was created:  Metric (m, kg, N, s, V, A)
!   NOTE:  Any data that requires units (such as mass) is assumed to be in the consistent solver unit system.
!                See Solving Units in the help system for more information.
MAT_TUNGSTEN,matid
TABLE 30
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Model (C2) > Geometry > MO_ELECTRODE_1(Transient Thermal) > Commands (APDL) 2(Transient Thermal)
!   Commands inserted into this file will be executed just after material definitions in /PREP7.
!   The material number for this body is equal to the parameter "matid" unless a part of a Material Assignment.
!   The element type numbers for this body is equal to the parameter "typeids".
!   Active UNIT system in Workbench when this object was created:  Metric (m, kg, N, s, V, A)
!   NOTE:  Any data that requires units (such as mass) is assumed to be in the consistent solver unit system.
!                See Solving Units in the help system for more information.
MAT_MOLY,matid
TABLE 31
Model (C2) > Geometry > SS_REDUCER(Transient Thermal) > Command Snippet
Model (C2) > Geometry > SS_REDUCER(Transient Thermal) > Commands (APDL) 2(Transient Thermal)
!   Commands inserted into this file will be executed just after material definitions in /PREP7.
!   The material number for this body is equal to the parameter "matid" unless a part of a Material Assignment.
!   The element type numbers for this body is equal to the parameter "typeids".
!   Active UNIT system in Workbench when this object was created:  Metric (m, kg, N, s, V, A)
!   NOTE:  Any data that requires units (such as mass) is assumed to be in the consistent solver unit system.
!                See Solving Units in the help system for more information.
MAT_SS304,matid
TABLE 32


















































            207
Model (C2) > Geometry > MO_WINDOW(Transient Thermal) > Commands (APDL)(Transient Thermal)
!   Commands inserted into this file will be executed just after material definitions in /PREP7.
!   The material number for this body is equal to the parameter "matid" unless a part of a Material Assignment.
!   The element type numbers for this body is equal to the parameter "typeids".
!   Active UNIT system in Workbench when this object was created:  Metric (m, kg, N, s, V, A)
!   NOTE:  Any data that requires units (such as mass) is assumed to be in the consistent solver unit system.




Model (C2) > Coordinate Systems > Coordinate System




Coordinate System ID 0. 




Origin X 0. m
Origin Y 0. m
Origin Z 0. m
Define By Global Coordinates
Location Defined
Directional Vectors
X Axis Data [ 1. 0. 0. ]
Y Axis Data [ 0. 1. 0. ]
Z Axis Data [ 0. 0. 1. ]
Principal Axis
Axis X
Define By Fixed Vector
Orientation About Principal Axis
Axis Y
Define By Fixed Vector
Transformations
Base Configuration Absolute






Model (C2) > Connections
TABLE 35




Generate Automatic Connection On Refresh Yes
Transparency
Enabled Yes





Scoping Method Source Assembly




Tolerance Value 4.9778e-004 m
Use Range No
Face/Face Yes
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TABLE 36
Model (C2) > Connections > Contacts(Transient Thermal) > Contact Regions
TABLE 37

















Frictionless - SS_HOUSING To 
GFA_INSULATOR_BOTTOM_1
(Transient Thermal)







State Fully Defined Suppressed
Scoping
Method
Contact 3 Faces 2 Faces 3 Faces 2 Faces








































































Contact No Selection 2 Faces 3 
















Type Bonded No Separation Frictionless Bo
Scope Mode
Behavior
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TABLE 38






















































Contact 1 Face 2 Faces 1 Face
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TABLE 39






No Separation - ZRO2_TUBE To 
GRAPHITE_FILAMENT_PLUG_1
(Transient Thermal)
No Separation - ZRO2_TUBE To 
GRAPHITE_FILAMENT_PLUG_2
(Transient Thermal)













Contact 2 Faces 1 Face
Target 2 Faces 1 Face
Contact 
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Model (C2) > Analysis
TABLE 42
Model (C2) > Steady-State Thermal (C3) > Initial Condition
TABLE 43
Model (C2) > Steady-State Thermal (C3) > Analysis Settings
TABLE 44
Model (C2) > Steady-State Thermal (C3) > Loads





Solver Target Mechanical APDL
Options
Generate Input Only No
Object Name Initial Temperature
State Fully Defined
Definition
Initial Temperature Uniform Temperature
Initial Temperature Value 85. °C
Object Name Analysis Settings
State Fully Defined
Step Controls
Number Of Steps 1.
Current Step Number 1.
Step End Time 1. s
Auto Time Stepping Program Controlled
Solver Controls
Solver Type Direct
Solver Pivot Checking Program Controlled
Radiosity Controls
Radiosity Solver Program Controlled
Flux Convergence 1.e-004 
Maximum Iteration 1000. 
Solver Tolerance 0.1 W/m²
Over Relaxation 0.1 
Hemicube Resolution 10.
Nonlinear Controls
Heat Convergence Program Controlled
Temperature Convergence Program Controlled
Line Search Program Controlled
Output Controls




Store Results At All Time Points
Analysis Data Management
Solver Files Directory D:\Documents\TARGET CAPSULES\2018\NTP\Model\LIBBY\FInal mesh testing\NTP_Full contact_files\dp7\SYS-1\MECH\
Future Analysis None
Scratch Solver Files Directory
Save MAPDL db Yes
Contact Summary Program Controlled
Delete Unneeded Files No
Nonlinear Solution Yes
Solver Units Active System
































Geometry 14 Faces 1 Face 2 Faces 96 Faces 4 Faces 18 Faces 4 Faces 3 Faces 6 Faces
Definition
Type Radiation Temperature Heat Flux Radiation Temperature Radiation
Correlation Surface to Surface Surface toSurface Surface to Surface












Temperature 85. °C (ramped)
85. °C
(ramped) 85. °C (ramped)
Enclosure 1. 1. 2.
Enclosure 
Type Open Open Open
Suppressed No
8.18e+005 
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FIGURE 1
Model (C2) > Steady-State Thermal (C3) > Radiation - sample region
FIGURE 2
Model (C2) > Steady-State Thermal (C3) > Radiation - wall insulation
FIGURE 3
Model (C2) > Steady-State Thermal (C3) > Radiation - end insulation
Magnitude 85. °C (ramped) W/m²(ramped) 175. °C (ramped)
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FIGURE 4
Model (C2) > Steady-State Thermal (C3) > Temperature - boundary condition
FIGURE 5
Model (C2) > Steady-State Thermal (C3) > Heat Flux - input load
FIGURE 6
Model (C2) > Steady-State Thermal (C3) > Radiation - refractrory metal leads
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FIGURE 7
Model (C2) > Steady-State Thermal (C3) > Temperature - refractrory metal leads
FIGURE 8
Model (C2) > Steady-State Thermal (C3) > Radiation - crucible to leads
FIGURE 9
Model (C2) > Steady-State Thermal (C3) > Radiation - leads to crucible
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Solution (C4)
TABLE 45
Model (C2) > Steady-State Thermal (C3) > Solution
TABLE 46
Model (C2) > Steady-State Thermal (C3) > Solution (C4) > Solution Information
TABLE 47
Model (C2) > Steady-State Thermal (C3) > Solution (C4) > Probes
Object Name Solution (C4)
State Solved
Adaptive Mesh Refinement




MAPDL Elapsed Time 8 h 50 m
MAPDL Memory Used 4.2695 GB
MAPDL Result File Size 202.44 MB
Post Processing
Beam Section Results No
On Demand Stress/Strain No
Object Name Solution Information
State Solved
Solution Information
Solution Output Solver Output




Display All FE Connectors
Draw Connections Attached To All Nodes
Line Color Connection Type
Visible on Results No
Line Thickness Single
Display Type Lines








Display Time End Time
Spatial Resolution Use Maximum
Results
Temperature 1988. °C
Maximum Value Over Time
Temperature 1988. °C
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FIGURE 10
Model (C2) > Steady-State Thermal (C3) > Solution (C4) > T Probe - Thermocouple
TABLE 48
Model (C2) > Steady-State Thermal (C3) > Solution (C4) > T Probe - Thermocouple
Substep 2
Iteration Number 1615





Model (C2) > Steady-State Thermal (C3) > Solution (C4) > Specimen Region > Results
FIGURE 11
Model (C2) > Steady-State Thermal (C3) > Solution (C4) > Specimen Region > T - Crucible
Object Name T - Crucible T - Filament T - Thermocouple T - ZrO2 insulation
State Solved
Scope
Scoping Method Geometry Selection










Minimum 1924.2 °C 2040.9 °C 175. °C 1931.5 °C
Maximum 1997.4 °C 2359.7 °C 1988. °C 2358. °C





















Minimum Value Over Time
Minimum 1659.4 °C 1719.7 °C 130. °C 1658.9 °C
Maximum 1924.2 °C 2040.9 °C 175. °C 1931.5 °C
Maximum Value Over Time
Minimum 1709.3 °C 1909.8 °C 1703.4 °C 1908. °C
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TABLE 50
Model (C2) > Steady-State Thermal (C3) > Solution (C4) > Specimen Region > T - Crucible
FIGURE 12
Model (C2) > Steady-State Thermal (C3) > Solution (C4) > Specimen Region > T - Filament
TABLE 51
Model (C2) > Steady-State Thermal (C3) > Solution (C4) > Specimen Region > T - Filament
FIGURE 13
Model (C2) > Steady-State Thermal (C3) > Solution (C4) > Specimen Region > T - Thermocouple
Time [s] Minimum [°C] Maximum [°C] Average [°C]
0.5 1659.4 1709.3 1696.4
1. 1924.2 1997.4 1977.6
Time [s] Minimum [°C] Maximum [°C] Average [°C]
0.5 1719.7 1909.8 1873.3
1. 2040.9 2359.7 2296.8
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TABLE 52
Model (C2) > Steady-State Thermal (C3) > Solution (C4) > Specimen Region > T - Thermocouple
FIGURE 14
Model (C2) > Steady-State Thermal (C3) > Solution (C4) > Specimen Region > T - ZrO2 insulation
TABLE 53
Model (C2) > Steady-State Thermal (C3) > Solution (C4) > Specimen Region > T - ZrO2 insulation
Time [s] Minimum [°C] Maximum [°C] Average [°C]
0.5 130. 1703.4 973.83
1. 175. 1988. 1140.
Time [s] Minimum [°C] Maximum [°C] Average [°C]
0.5 1658.9 1908. 1786.9
1. 1931.5 2358. 2140.5
Metal Foils
TABLE 54
Model (C2) > Steady-State Thermal (C3) > Solution (C4) > Metal Foils > Results
Object Name T - Moly window T - Ti getter
State Solved
Scope
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FIGURE 15
Model (C2) > Steady-State Thermal (C3) > Solution (C4) > Metal Foils > T - Moly window
TABLE 55
Model (C2) > Steady-State Thermal (C3) > Solution (C4) > Metal Foils > T - Moly window
FIGURE 16
Model (C2) > Steady-State Thermal (C3) > Solution (C4) > Metal Foils > T - Ti getter
TABLE 56
Model (C2) > Steady-State Thermal (C3) > Solution (C4) > Metal Foils > T - Ti getter
Minimum 1870.4 °C 548.66 °C
Maximum 1933.6 °C 1319.8 °C
Average 1899.4 °C 855.22 °C
Minimum Occurs On MO_WINDOW(Transient Thermal) TI_GETTER(Transient Thermal)
Maximum Occurs On MO_WINDOW(Transient Thermal) TI_GETTER(Transient Thermal)
Minimum Value Over Time
Minimum 1604. °C 463.74 °C
Maximum 1870.4 °C 548.66 °C
Maximum Value Over Time
Minimum 1658.2 °C 1110.8 °C






Time [s] Minimum [°C] Maximum [°C] Average [°C]
0.5 1604. 1658.2 1629.2
1. 1870.4 1933.6 1899.4
Time [s] Minimum [°C] Maximum [°C] Average [°C]
0.5 463.74 1110.8 717.56
1. 548.66 1319.8 855.22




Structural Steel > Constants
TABLE 58
Structural Steel > Color
TABLE 59
Structural Steel > Compressive Ultimate Strength
TABLE 60
Structural Steel > Compressive Yield Strength
TABLE 61
Structural Steel > Tensile Yield Strength
TABLE 62
Structural Steel > Tensile Ultimate Strength
TABLE 63
Structural Steel > Isotropic Secant Coefficient of Thermal Expansion
TABLE 64
Structural Steel > Alternating Stress Mean Stress
TABLE 65
Structural Steel > Strain-Life Parameters
TABLE 66
Structural Steel > Isotropic Elasticity
TABLE 67
Structural Steel > Isotropic Relative Permeability
Density 7850 kg m^-3
Isotropic Secant Coefficient of Thermal Expansion 1.2e-005 C^-1
Specific Heat Constant Pressure 434 J kg^-1 C^-1
Isotropic Thermal Conductivity 60.5 W m^-1 C^-1
Isotropic Resistivity 1.7e-007 ohm m
Red Green Blue
132 139 179
Compressive Ultimate Strength Pa
0
Compressive Yield Strength Pa
2.5e+008
Tensile Yield Strength Pa
2.5e+008
Tensile Ultimate Strength Pa
4.6e+008
Zero-Thermal-Strain Reference Temperature C
22












Strength Coefficient Pa Strength Exponent Ductility Coefficient Ductility Exponent Cyclic Strength Coefficient Pa Cyclic Strain Hardening Exponent
9.2e+008 -0.106 0.213 -0.47 1.e+009 0.2
Young's Modulus Pa Poisson's Ratio Bulk Modulus Pa Shear Modulus Pa Temperature C
2.e+011 0.3 1.6667e+011 7.6923e+010
Relative Permeability
10000


























First Saved Wednesday, October 24, 2018
Last Saved Monday, March 4, 2019
Product Version 19.1 Release
Save Project Before Solution No
Save Project After Solution No





























 T - Filament
 T Probe - Thermocouple
 Material Data





















Source D:\Documents\TARGET CAPSULES\2018\NTP\Model\LIBBY\FInal mesh testing\NTP_Full contact_Transient_files\dp7\Geom\DM\Geom.agdb
Type DesignModeler
Length Unit Meters
Element Control Program Controlled
Display Style Body Color
Bounding Box
Length X 6.9088e-002 m
Length Y 8.7854e-002 m
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TABLE 3
Model (B4) > Geometry > Parts
TABLE 4


















Reader Mode Saves Updated
File No
Use Instances Yes
Smart CAD Update Yes
Compare Parts On Update No
Analysis Type 3-D
Decompose Disjoint Geometry Yes
Enclosure and Symmetry 
Processing Yes





















Length X 4.4703e-002 m 6.9088e-002 m 1.905e-002 m 3.302e-002 m 2.102e-002 m 6.9088e-002 m
Length Y 4.4704e-002 m 6.9088e-002 m 1.9779e-002 m 7.62e-003 m 6.35e-003 m 6.9088e-002 m
Length Z 0.1017 m 1.27e-002 m 1.905e-002 m 3.302e-002 m 6.35e-003 m 1.27e-002 m
Propertie
Volume 5.376e-005 m³ 2.628e-005 m³ 1.6435e-006 m³ 4.0599e-006 m³ 3.1508e-007 m³ 3.1093e-005 m³
Mass 0.41664 kg 0.20367 kg 1.2901e-002 kg 3.1871e-002 kg 2.4734e-003 kg 0.24097 kg
Centroid X -2.6161e-018 m 9.1066e-008 m -1.431e-004 m 1.0759e-013 m 1.9661e-002 m 7.6927e-008 m
Centroid Y 9.8474e-019 m 1.015e-007 m 3.0754e-002 m 4.0668e-002 m 2.9e-002 m -8.5792e-008 m












kg·m² 1.6981e-004 kg·m² 9.8459e-007 kg·m² 5.591e-006 kg·m² 1.8915e-008 kg·m² 1.811e-004 kg·m
Statistics
Nodes 32278 25104 0 9556
Elements 18454 15668 0 5702
Mesh Metric
Object Name Commands (APDL) 2
State Fully Defined
File
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Model (B4) > Geometry > SS_HOUSING > Commands (APDL) 2
!   Commands inserted into this file will be executed just after material definitions in /PREP7.
!   The material number for this body is equal to the parameter "matid" unless a part of a Material Assignment.
!   The element type numbers for this body is equal to the parameter "typeids".
!   Active UNIT system in Workbench when this object was created:  Metric (m, kg, N, s, V, A)
!   NOTE:  Any data that requires units (such as mass) is assumed to be in the consistent solver unit system.
!                See Solving Units in the help system for more information.
MAT_SS304,matid
TABLE 5
Model (B4) > Geometry > SS_HOUSING_FLANGE > Command Snippet
Model (B4) > Geometry > SS_HOUSING_FLANGE > Commands (APDL) 2
!   Commands inserted into this file will be executed just after material definitions in /PREP7.
!   The material number for this body is equal to the parameter "matid" unless a part of a Material Assignment.
!   The element type numbers for this body is equal to the parameter "typeids".
!   Active UNIT system in Workbench when this object was created:  Metric (m, kg, N, s, V, A)
!   NOTE:  Any data that requires units (such as mass) is assumed to be in the consistent solver unit system.
!                See Solving Units in the help system for more information.
MAT_SS304,matid
TABLE 6
Model (B4) > Geometry > SS_VIEWPORT_TUBE > Command Snippet
File Name
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Model (B4) > Geometry > SS_VIEWPORT_TUBE > Commands (APDL) 2
!   Commands inserted into this file will be executed just after material definitions in /PREP7.
!   The material number for this body is equal to the parameter "matid" unless a part of a Material Assignment.
!   The element type numbers for this body is equal to the parameter "typeids".
!   Active UNIT system in Workbench when this object was created:  Metric (m, kg, N, s, V, A)
!   NOTE:  Any data that requires units (such as mass) is assumed to be in the consistent solver unit system.
!                See Solving Units in the help system for more information.
MAT_SS304,matid
TABLE 7
Model (B4) > Geometry > SS_VIEWPORT_FLANGE > Command Snippet
Model (B4) > Geometry > SS_VIEWPORT_FLANGE > Commands (APDL) 2
!   Commands inserted into this file will be executed just after material definitions in /PREP7.
!   The material number for this body is equal to the parameter "matid" unless a part of a Material Assignment.
!   The element type numbers for this body is equal to the parameter "typeids".
!   Active UNIT system in Workbench when this object was created:  Metric (m, kg, N, s, V, A)
!   NOTE:  Any data that requires units (such as mass) is assumed to be in the consistent solver unit system.
!                See Solving Units in the help system for more information.
MAT_SS304,matid
TABLE 8
Model (B4) > Geometry > SS_EXHAUST_TUBE > Command Snippet
Model (B4) > Geometry > SS_EXHAUST_TUBE > Commands (APDL) 2
!   Commands inserted into this file will be executed just after material definitions in /PREP7.
!   The material number for this body is equal to the parameter "matid" unless a part of a Material Assignment.
!   The element type numbers for this body is equal to the parameter "typeids".
!   Active UNIT system in Workbench when this object was created:  Metric (m, kg, N, s, V, A)
!   NOTE:  Any data that requires units (such as mass) is assumed to be in the consistent solver unit system.
!                See Solving Units in the help system for more information.
MAT_SS304,matid
TABLE 9
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Model (B4) > Geometry > SS_REDUCER_LOWER_FLANGE > Command Snippet
Model (B4) > Geometry > SS_REDUCER_LOWER_FLANGE > Commands (APDL) 2
!   Commands inserted into this file will be executed just after material definitions in /PREP7.
!   The material number for this body is equal to the parameter "matid" unless a part of a Material Assignment.
!   The element type numbers for this body is equal to the parameter "typeids".
!   Active UNIT system in Workbench when this object was created:  Metric (m, kg, N, s, V, A)
!   NOTE:  Any data that requires units (such as mass) is assumed to be in the consistent solver unit system.
!                See Solving Units in the help system for more information.
MAT_SS304,matid
TABLE 10
Model (B4) > Geometry > GFA_INSULATOR_BOTTOM_1 > Command Snippet
Model (B4) > Geometry > GFA_INSULATOR_BOTTOM_1 > Commands (APDL) 2
!   Commands inserted into this file will be executed just after material definitions in /PREP7.
!   The material number for this body is equal to the parameter "matid" unless a part of a Material Assignment.
!   The element type numbers for this body is equal to the parameter "typeids".
!   Active UNIT system in Workbench when this object was created:  Metric (m, kg, N, s, V, A)
!   NOTE:  Any data that requires units (such as mass) is assumed to be in the consistent solver unit system.
!                See Solving Units in the help system for more information.









Model (B4) > Geometry > GFA_INSULATOR_BOTTOM_2 > Command Snippet
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Model (B4) > Geometry > GFA_INSULATOR_BOTTOM_2 > Commands (APDL) 2
!   Commands inserted into this file will be executed just after material definitions in /PREP7.
!   The material number for this body is equal to the parameter "matid" unless a part of a Material Assignment.
!   The element type numbers for this body is equal to the parameter "typeids".
!   Active UNIT system in Workbench when this object was created:  Metric (m, kg, N, s, V, A)
!   NOTE:  Any data that requires units (such as mass) is assumed to be in the consistent solver unit system.









Model (B4) > Geometry > GFA_INSULATOR_WALL_1 > Command Snippet
Model (B4) > Geometry > GFA_INSULATOR_WALL_1 > Commands (APDL) 2
!   Commands inserted into this file will be executed just after material definitions in /PREP7.
!   The material number for this body is equal to the parameter "matid" unless a part of a Material Assignment.
!   The element type numbers for this body is equal to the parameter "typeids".
!   Active UNIT system in Workbench when this object was created:  Metric (m, kg, N, s, V, A)
!   NOTE:  Any data that requires units (such as mass) is assumed to be in the consistent solver unit system.
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Model (B4) > Geometry > TI_GETTER > Commands (APDL) 2
MAT_TI6AL4V,matid
TABLE 14
Model (B4) > Geometry > GFA_INSULATOR_WALL_2 > Command Snippet
Model (B4) > Geometry > GFA_INSULATOR_WALL_2 > Commands (APDL) 2
!   Commands inserted into this file will be executed just after material definitions in /PREP7.
!   The material number for this body is equal to the parameter "matid" unless a part of a Material Assignment.
!   The element type numbers for this body is equal to the parameter "typeids".
!   Active UNIT system in Workbench when this object was created:  Metric (m, kg, N, s, V, A)
!   NOTE:  Any data that requires units (such as mass) is assumed to be in the consistent solver unit system.
























































Length X 4.1402e-002 m 4.8e-002 m 3.3782e-002 m 2.1e-002 m
Length Y 4.1402e-002 m 4.8e-002 m 8.8646e-003 m 2.e-003 m
Length Z 1.7463e-003 m 2.e-003 m 3.3782e-002 m 2.1e-002 m
Prope
Volume 2.349e-006 m³ 1.4681e-006 m³ 5.1296e-006 m³ 2.9047e-007 m³
Mass 3.6996e-004 kg 1.1378e-002 kg 4.0267e-002 kg 2.2802e-003 kg
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TABLE 16
Model (B4) > Geometry > GFA_INSULATOR_TOP_2 > Command Snippet
Model (B4) > Geometry > GFA_INSULATOR_TOP_2 > Commands (APDL) 2
!   Commands inserted into this file will be executed just after material definitions in /PREP7.
!   The material number for this body is equal to the parameter "matid" unless a part of a Material Assignment.
!   The element type numbers for this body is equal to the parameter "typeids".
!   Active UNIT system in Workbench when this object was created:  Metric (m, kg, N, s, V, A)
!   NOTE:  Any data that requires units (such as mass) is assumed to be in the consistent solver unit system.









Model (B4) > Geometry > GFA_INSULATOR_TOP_1 > Command Snippet
Model (B4) > Geometry > GFA_INSULATOR_TOP_1 > Commands (APDL) 2
!   Commands inserted into this file will be executed just after material definitions in /PREP7.
!   The material number for this body is equal to the parameter "matid" unless a part of a Material Assignment.
!   The element type numbers for this body is equal to the parameter "typeids".
Centroid X 3.7627e-021 m 3.3468e-008 m 1.5725e-009 m 7.5175e-007 m
Centroid Y 2.8028e-017 m 2.8348e-017 m -1.7758e-006 m 4.8945e-002 m 4.4253e-002 m
Centroid Z 0.10258 m 0.10432 m 0.10619 m 5.9026e-002 m
Moment of 












Nodes 9143 8907 172 0
Elements 1872 1824 16 0
Mesh Metric
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!   Active UNIT system in Workbench when this object was created:  Metric (m, kg, N, s, V, A)
!   NOTE:  Any data that requires units (such as mass) is assumed to be in the consistent solver unit system.









Model (B4) > Geometry > CU_HOUSLING_FLANGE_GASKET > Command Snippet
Model (B4) > Geometry > CU_HOUSLING_FLANGE_GASKET > Commands (APDL)
!   Commands inserted into this file will be executed just after material definitions in /PREP7.
!   The material number for this body is equal to the parameter "matid".
!   Active UNIT system in Workbench when this object was created:  Metric (m, kg, N, s, V, A)
!   NOTE:  Any data that requires units (such as mass) is assumed to be in the consistent solver unit system.
!                See Solving Units in the help system for more information.
MAT_COPPER, matid
TABLE 19
Model (B4) > Geometry > SS_VIEWPORT > Command Snippet
Model (B4) > Geometry > SS_VIEWPORT > Commands (APDL) 2
!   Commands inserted into this file will be executed just after material definitions in /PREP7.
!   The material number for this body is equal to the parameter "matid" unless a part of a Material Assignment.
!   The element type numbers for this body is equal to the parameter "typeids".
!   Active UNIT system in Workbench when this object was created:  Metric (m, kg, N, s, V, A)
!   NOTE:  Any data that requires units (such as mass) is assumed to be in the consistent solver unit system.
!                See Solving Units in the help system for more information.
MAT_SS304,matid
TABLE 20
Model (B4) > Geometry > CU_VIEWPORT_FLANGE_GASKET > Command Snippet




































Object Name Commands (APDL) 2
State Suppressed
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Model (B4) > Geometry > CU_VIEWPORT_FLANGE_GASKET > Commands (APDL) 2
!   Commands inserted into this file will be executed just after material definitions in /PREP7.
!   The material number for this body is equal to the parameter "matid" unless a part of a Material Assignment.
!   The element type numbers for this body is equal to the parameter "typeids".
!   Active UNIT system in Workbench when this object was created:  Metric (m, kg, N, s, V, A)
!   NOTE:  Any data that requires units (such as mass) is assumed to be in the consistent solver unit system.
!                See Solving Units in the help system for more information.
MAT_COPPER,matid
TABLE 21
Model (B4) > Geometry > GRAPHITE_CRUCIBLE > Command Snippet
Model (B4) > Geometry > GRAPHITE_CRUCIBLE > Commands (APDL) 2
!   Commands inserted into this file will be executed just after material definitions in /PREP7.
!   The material number for this body is equal to the parameter "matid" unless a part of a Material Assignment.
!   The element type numbers for this body is equal to the parameter "typeids".
!   Active UNIT system in Workbench when this object was created:  Metric (m, kg, N, s, V, A)
!   NOTE:  Any data that requires units (such as mass) is assumed to be in the consistent solver unit system.
!                See Solving Units in the help system for more information.
MAT_POCO-GRAPHITE,matid
TABLE 22
Model (B4) > Geometry > ZRO2_TUBE > Command Snippet
File
File Name
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Model (B4) > Geometry > ZRO2_TUBE > Commands (APDL) 2
!   Commands inserted into this file will be executed just after material definitions in /PREP7.
!   The material number for this body is equal to the parameter "matid" unless a part of a Material Assignment.
!   The element type numbers for this body is equal to the parameter "typeids".
!   Active UNIT system in Workbench when this object was created:  Metric (m, kg, N, s, V, A)
!   NOTE:  Any data that requires units (such as mass) is assumed to be in the consistent solver unit system.
!                See Solving Units in the help system for more information.
MAT_ZRO2,matid
TABLE 23
Model (B4) > Geometry > GFA_FILAMENT > Command Snippet
Model (B4) > Geometry > GFA_FILAMENT > Commands (APDL)
!   Commands inserted into this file will be executed just after material definitions in /PREP7.
!   The material number for this body is equal to the parameter "matid" unless a part of a Material Assignment.
!   The element type numbers for this body is equal to the parameter "typeids".
!   Active UNIT system in Workbench when this object was created:  Metric (m, kg, N, s, V, A)
!   NOTE:  Any data that requires units (such as mass) is assumed to be in the consistent solver unit system.
!                See Solving Units in the help system for more information.
MAT_GFA-GRAPHITE,matid
TABLE 24
Model (B4) > Geometry > GRAPHITE_FILAMENT_PLUG_1 > Command Snippet
Model (B4) > Geometry > GRAPHITE_FILAMENT_PLUG_1 > Commands (APDL) 2
!   Commands inserted into this file will be executed just after material definitions in /PREP7.
!   The material number for this body is equal to the parameter "matid" unless a part of a Material Assignment.
!   The element type numbers for this body is equal to the parameter "typeids".
!   Active UNIT system in Workbench when this object was created:  Metric (m, kg, N, s, V, A)
!   NOTE:  Any data that requires units (such as mass) is assumed to be in the consistent solver unit system.
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TABLE 25
Model (B4) > Geometry > GRAPHITE_FILAMENT_PLUG_2 > Command Snippet
Model (B4) > Geometry > GRAPHITE_FILAMENT_PLUG_2 > Commands (APDL) 2
!   Commands inserted into this file will be executed just after material definitions in /PREP7.
!   The material number for this body is equal to the parameter "matid" unless a part of a Material Assignment.
!   The element type numbers for this body is equal to the parameter "typeids".
!   Active UNIT system in Workbench when this object was created:  Metric (m, kg, N, s, V, A)
!   NOTE:  Any data that requires units (such as mass) is assumed to be in the consistent solver unit system.
!                See Solving Units in the help system for more information.
MAT_POCO-GRAPHITE,matid
TABLE 26
Model (B4) > Geometry > MO_ELECTRODE_2 > Command Snippet
Model (B4) > Geometry > MO_ELECTRODE_2 > Commands (APDL) 2
!   Commands inserted into this file will be executed just after material definitions in /PREP7.
!   The material number for this body is equal to the parameter "matid" unless a part of a Material Assignment.
!   The element type numbers for this body is equal to the parameter "typeids".
!   Active UNIT system in Workbench when this object was created:  Metric (m, kg, N, s, V, A)
!   NOTE:  Any data that requires units (such as mass) is assumed to be in the consistent solver unit system.
!                See Solving Units in the help system for more information.
MAT_MOLY,matid
TABLE 27
Model (B4) > Geometry > Parts












































Coordinate System Default Coordinate System
Reference Temperature By Environment
Behavior None
Material
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TABLE 28
Model (B4) > Geometry > TUNGSTEN_TC_1 > Command Snippet
Model (B4) > Geometry > TUNGSTEN_TC_1 > Commands (APDL) 2
!   Commands inserted into this file will be executed just after material definitions in /PREP7.
!   The material number for this body is equal to the parameter "matid" unless a part of a Material Assignment.
!   The element type numbers for this body is equal to the parameter "typeids".
!   Active UNIT system in Workbench when this object was created:  Metric (m, kg, N, s, V, A)
!   NOTE:  Any data that requires units (such as mass) is assumed to be in the consistent solver unit system.
!                See Solving Units in the help system for more information.
MAT_TUNGSTEN,matid
TABLE 29
Model (B4) > Geometry > TUNGSTEN_TC_2 > Command Snippet
Model (B4) > Geometry > TUNGSTEN_TC_2 > Commands (APDL) 2
!   Commands inserted into this file will be executed just after material definitions in /PREP7.
!   The material number for this body is equal to the parameter "matid" unless a part of a Material Assignment.
!   The element type numbers for this body is equal to the parameter "typeids".
Assignment Tungsten Molybdenum Stainless steel, martensitic Molybdenum
Nonlinear Effects Yes
Thermal Strain Effects Yes
Bounding Box
Length X 2.8874e-003 m 1.9203e-003 m 4.5204e-003 m 3.81e-002 m 2.534e-002 m
Length Y 5.988e-003 m 1.044e-003 m 9.9958e-003 m 3.81e-002 m 2.534e-002 m
Length Z 0.10576 m 8.945e-002 m 4.7575e-002 m 8.53e-002 m
Properties
Volume 2.0809e-008 m³ 2.0764e-008 m³ 1.121e-008 m³ 7.4409e-006 m³ 5.7526e-007 m³
Mass 4.0161e-004 kg 4.0075e-004 kg 1.1457e-004 kg 5.7667e-002 kg 5.8792e-003 kg
Centroid X 4.1991e-003 m 5.6401e-003 m -1.8869e-003 m 3.822e-006 m 7.6808e-017 m
Centroid Y -2.3207e-003 m 4.5811e-004 m 1.4298e-003 m -2.0307e-010 m 1.6233e-017 m
Centroid Z 0.11194 m 0.11622 m 0.13828 m 5.9e-002 m
Moment of Inertia Ip1 3.741e-007 kg·m² 3.694e-007 kg·m² 8.7991e-008 kg·m² 1.6958e-005 kg·m² 4.0107e-006 kg·m²
Moment of Inertia Ip2 3.7405e-007 kg·m² 3.694e-007 kg·m² 8.77e-008 kg·m² 1.6958e-005 kg·m² 4.0107e-006 kg·m²
Moment of Inertia Ip3 6.5663e-011 kg·m² 1.4899e-011 kg·m² 2.9347e-010 kg·m² 1.4024e-005 kg·m² 9.2799e-007 kg·m²
Statistics
Nodes 1956 2130 432 9626
Elements 363 396 56 1428
Mesh Metric None
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!   Active UNIT system in Workbench when this object was created:  Metric (m, kg, N, s, V, A)
!   NOTE:  Any data that requires units (such as mass) is assumed to be in the consistent solver unit system.
!                See Solving Units in the help system for more information.
MAT_TUNGSTEN,matid
TABLE 30
Model (B4) > Geometry > MO_ELECTRODE_1 > Command Snippet
Model (B4) > Geometry > MO_ELECTRODE_1 > Commands (APDL) 2
!   Commands inserted into this file will be executed just after material definitions in /PREP7.
!   The material number for this body is equal to the parameter "matid" unless a part of a Material Assignment.
!   The element type numbers for this body is equal to the parameter "typeids".
!   Active UNIT system in Workbench when this object was created:  Metric (m, kg, N, s, V, A)
!   NOTE:  Any data that requires units (such as mass) is assumed to be in the consistent solver unit system.
!                See Solving Units in the help system for more information.
MAT_MOLY,matid
TABLE 31
Model (B4) > Geometry > SS_REDUCER > Command Snippet
Model (B4) > Geometry > SS_REDUCER > Commands (APDL) 2
!   Commands inserted into this file will be executed just after material definitions in /PREP7.
!   The material number for this body is equal to the parameter "matid" unless a part of a Material Assignment.
!   The element type numbers for this body is equal to the parameter "typeids".
!   Active UNIT system in Workbench when this object was created:  Metric (m, kg, N, s, V, A)
!   NOTE:  Any data that requires units (such as mass) is assumed to be in the consistent solver unit system.
!                See Solving Units in the help system for more information.
MAT_SS304,matid
TABLE 32
Model (B4) > Geometry > MO_WINDOW > Command Snippet








































File Status File not found
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Model (B4) > Geometry > MO_WINDOW > Commands (APDL)
!   Commands inserted into this file will be executed just after material definitions in /PREP7.
!   The material number for this body is equal to the parameter "matid" unless a part of a Material Assignment.
!   The element type numbers for this body is equal to the parameter "typeids".
!   Active UNIT system in Workbench when this object was created:  Metric (m, kg, N, s, V, A)
!   NOTE:  Any data that requires units (such as mass) is assumed to be in the consistent solver unit system.
!                See Solving Units in the help system for more information.
MAT_MOLY,matid
TABLE 33







































Geometry 4 Bodies 5 Bodies 2 Bodies 3 Bodies 2 Bodies 1 Body 3 Bodies 1 Body
Definition












Model (B4) > Coordinate Systems > Coordinate System




Coordinate System ID 0.
Origin
Origin X 0. m
Origin Y 0. m
Origin Z 0. m
Directional Vectors
X Axis Data [ 1. 0. 0. ]
Y Axis Data [ 0. 1. 0. ]
Z Axis Data [ 0. 0. 1. ]
Connections
TABLE 35
Model (B4) > Connections
TABLE 36
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TABLE 37
Model (B4) > Connections > Contacts > Contact Regions
TABLE 38









Tolerance Value 4.9778e-004 m
Use Range No
Face/Face Yes

















Frictionless - SS_HOUSING To
GFA_INSULATOR_BOTTOM_1





State Fully Defined Suppressed
Scoping
Method
Contact 3 Faces 2 Faces 3 Faces 2 Faces




Bodies SS_HOUSING_FLANGE SS_VIEWPORT_TUBE GFA_INSULATOR_BOTTOM_1 GFA_INSULATOR_BOTTOM_2 GFA_INSULATOR_WALL_
Protected

















































Contact No Selection 2 Faces 3 
Target No Selection 2 Faces 3 
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TABLE 39
Model (B4) > Connections > Contacts > Contact Regions
Contact
Bodies SS_VIEWPORT_TUBE SS_VIEWPORT_FLANGE SS_REDUCER_LOWER_FLANGE
Target
Bodies SS_EXHAUST_TUBE SS_VIEWPORT CU_VIEWPORT_FLANGE_GASKET CU_HOUSLING_FLANGE_GASKET SS_R
Protected

































Frictionless - TI_GETTER To 
GFA_INSULATOR_WALL_2














Contact 1 Face 2 Faces 1 Face
Target 1 Face 2 Faces 1 Face
Contact
Bodies GFA_INSULATOR_WALL_1 TI_GETTER GFA_INSULATOR_WALL_2 GFA_INSULATOR_TOP_2
Target
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TABLE 40





Object Name No Separation - ZRO2_TUBE ToGRAPHITE_FILAMENT_PLUG_1
No Separation - ZRO2_TUBE To 
GRAPHITE_FILAMENT_PLUG_2
No Separation - GFA_FILAMENT 
To
GRAPHITE_FILAMENT_PLUG_1








Contact 2 Faces 1 Face
Target 2 Faces 1 Face
Contact 
Bodies ZRO2_TUBE GFA_FILAMENT GRA
Target











































Display Style Body Color
Defaults
Physics Preference Mechanical
Element Order Program Controlled
Element Size Default
Sizing





Span Angle Center Coarse
Initial Size Seed Assembly
Bounding Box Diagonal 0.19911 m
Average Surface Area 3.33e-004 m²
Minimum Edge Length 4.0677e-005 m
Quality
Check Mesh Quality Yes, Errors
Error Limits Standard Mechanical
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TABLE 42
Model (B4) > Mesh > Mesh Controls
TABLE 43
Model (B4) > Mesh > Mesh Controls




Use Automatic Inflation None





View Advanced Options No
Advanced
Number of CPUs for Parallel Part Meshing Program Controlled
Straight Sided Elements No
Number of Retries Default (4)
Rigid Body Behavior Dimensionally Reduced
Triangle Surface Mesher Program Controlled
Topology Checking Yes
Pinch Tolerance Please Define



























Method Geometry Selection Geometry Selection








Type ElementSize Element Size
Element 
Size





Method Hex Dominant Sweep Sweep
Element Order Use Global Setting
Use Global 
Setting Use Global Setting
Free Face
Mesh Type All Quad Quad/Tri Quad/Tri
Control
Messages






Source 1 Face 1 Face
Sweep Num 





Size Default Default Default Default
Behavior Soft Soft Soft Soft






Method 7 Contact Sizing 2 Contact Sizing 3 Contact Sizing 4




Geometry 1 Body 1 Face 1 Body
Contact 
Region
Frictionless - SS_HOUSING To
GFA_INSULATOR_WALL_1
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Transient Thermal (B5)
TABLE 44
Model (B4) > Analysis
TABLE 45
Model (B4) > Transient Thermal (B5) > Initial Condition
TABLE 46
Model (B4) > Transient Thermal (B5) > Analysis Settings
Source 1 Face 1 Face
Free Face





Type Element Size Number of Divisions Relevance Element Size

















Solver Target Mechanical APDL
Options
Generate Input Only No
Object Name Initial Temperature
State Fully Defined
Definition
Initial Temperature Uniform Temperature
Initial Temperature Value 85. °C
Object Name Analysis Settings
State Fully Defined
Step Controls
Number Of Steps 50.
Current Step Number 1.
Step End Time 600. s
Auto Time Stepping Program Controlled
Carry Over Time Step Off
Initial Time Step 6. s
Minimum Time Step 0.6 s
Maximum Time Step 60. s





Radiosity Solver Program Controlled
Flux Convergence 1.e-004 
Maximum Iteration 1000. 
Solver Tolerance 0.1 W/m²
Over Relaxation 0.1 
Hemicube Resolution 10. 
Nonlinear Controls
Heat Convergence Program Controlled
Temperature Convergence Program Controlled
Line Search Program Controlled
Nonlinear Formulation Program Controlled
Output Controls




Store Results At All Time Points
Analysis Data Management
Solver Files Directory D:\Documents\TARGET CAPSULES\2018\NTP\Model\LIBBY\FInal mesh testing\NTP_Full contact_Transient_files\dp7\SYS\MECH\
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TABLE 47
Model (B4) > Transient Thermal (B5) > Analysis Settings
Step-Specific "Step Controls"
TABLE 48
Model (B4) > Transient Thermal (B5) > Loads
Future Analysis None
Scratch Solver Files 
Directory
Save MAPDL db Yes
Contact Summary Program Controlled
Delete Unneeded Files Yes
Nonlinear Solution Yes
Solver Units Active System
Solver Unit System mks
Step Step End Time Initial Time Step Minimum Time Step Maximum Time Step
1 600. s 6. s 0.6 s 60. s
2 601. s
















































































Geometry 95 Faces 14 Faces 1 Face 2 Faces 4 Faces 18 Faces 4 Faces 6 Faces 3 Faces
Definition
Type Temperature Radiation Heat Flux Radiation Temperature Radiation




175. °C (step 
applied)
Suppressed No
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FIGURE 1
Model (B4) > Transient Thermal (B5) > Temperature - boundary condition
FIGURE 2
Model (B4) > Transient Thermal (B5) > Radiation - sample region
FIGURE 3
Model (B4) > Transient Thermal (B5) > Radiation - wall insulation













Temperature 85. °C (step applied)
85. °C (step 
applied) 85. °C (step applied)
Enclosure 1. 1. 2.
Enclosure 
Type Open Open Open
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FIGURE 4
Model (B4) > Transient Thermal (B5) > Radiation - end insulation
FIGURE 5
Model (B4) > Transient Thermal (B5) > Heat Flux - input load
FIGURE 6
Model (B4) > Transient Thermal (B5) > Radiation - refractrory metal leads
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FIGURE 7
Model (B4) > Transient Thermal (B5) > Temperature - refractrory metal leads
FIGURE 8
Model (B4) > Transient Thermal (B5) > Radiation - leads to crucible
FIGURE 9
Model (B4) > Transient Thermal (B5) > Radiation - crucible to leads
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Solution (B6)
TABLE 49
Model (B4) > Transient Thermal (B5) > Solution
TABLE 50
Model (B4) > Transient Thermal (B5) > Solution (B6) > Solution Information
TABLE 51
Model (B4) > Transient Thermal (B5) > Solution (B6) > Solution Information > Result Charts
FIGURE 10
Model (B4) > Transient Thermal (B5) > Solution (B6) > Solution Information > Temperature - Global Maximum
Object Name Solution (B6)
State Solved
Adaptive Mesh Refinement




MAPDL Elapsed Time 12 h 1 m
MAPDL Memory Used 4.2393 GB
MAPDL Result File Size 48.079 GB
Post Processing
Beam Section Results No
Object Name Solution Information
State Solved
Solution Information
Solution Output Solver Output




Display All FE Connectors
Draw Connections Attached To All Nodes
Line Color Connection Type
Visible on Results No
Line Thickness Single
Display Type Lines
Object Name Temperature - Global Maximum Temperature - Global Minimum
State Solved
Scope





Minimum 741.34 °C -517.29 °C
Maximum 2363.3 °C 84.163 °C
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FIGURE 11
Model (B4) > Transient Thermal (B5) > Solution (B6) > Solution Information > Temperature - Global Minimum
TABLE 52
Model (B4) > Transient Thermal (B5) > Solution (B6) > Results
Object Name T - Filament
State Solved
Scope













Minimum Occurs On GFA_FILAMENT
Maximum Occurs On GFA_FILAMENT
Minimum Value Over Time
Minimum 218.8 °C
Maximum 2028.3 °C
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FIGURE 12
Model (B4) > Transient Thermal (B5) > Solution (B6) > T - Filament
TABLE 53
Model (B4) > Transient Thermal (B5) > Solution (B6) > T - Filament
Substep 13
Iteration Number 1443
Time [s] Minimum [°C] Maximum [°C] Average [°C]
6. 218.8 741.34 382.23
9.4341 340.73 887.82 542.84
12.868 457.55 989.97 696.45
16.302 540.89 1076.1 834.5
26.605 760.46 1280.9 1119.6
36.907 942.58 1442.1 1316.6
44.118 1053.7 1536.2 1425.4
51.328 1153.9 1618.1 1517.3
58.538 1247.2 1692.4 1599.
65.749 1333.9 1760.6 1673.1
68.277 1363.4 1784. 1698.3
70.765 1391.5 1806.3 1722.3
73.253 1418.6 1827.8 1745.5
75.741 1444.8 1848.8 1767.9
78.228 1470.1 1869. 1789.6
80.716 1494.4 1888.6 1810.5
83.204 1517.8 1907.5 1830.6
85.691 1540.4 1925.8 1850.
88.179 1562.1 1943.5 1868.7
90.667 1582.9 1960.4 1886.7
93.155 1603. 1976.8 1904.
95.642 1622.3 1992.6 1920.7
98.13 1640.8 2007.8 1936.8
100.62 1658.6 2022.5 1952.2
103.11 1675.7 2036.7 1967.
105.59 1692.1 2050.4 1981.2
108.08 1707.8 2063.6 1994.8
110.57 1722.9 2076.3 2007.8
113.06 1737.4 2088.5 2020.3
115.54 1751.3 2100.3 2032.3
118.03 1764.5 2111.5 2043.8
120.52 1777.2 2122.3 2054.8
123.01 1789.3 2132.7 2065.3
125.5 1800.9 2142.6 2075.4
127.98 1812. 2152.1 2085.1
130.47 1822.5 2161.2 2094.3
132.96 1832.6 2169.9 2103.1
135.45 1842.3 2178.2 2111.6
137.93 1851.5 2186.1 2119.7
140.42 1860.3 2193.7 2127.5
142.91 1868.6 2200.9 2134.8
145.4 1876.5 2207.8 2141.8
147.88 1884.1 2214.4 2148.5
150.37 1891.3 2220.7 2154.9
152.86 1898.2 2226.6 2161.1
155.35 1904.7 2232.4 2166.9
157.84 1910.8 2237.8 2172.5
160.32 1916.7 2243. 2177.8
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162.81 1922.3 2248. 2182.9
165.3 1927.6 2252.7 2187.8
167.79 1932.6 2257.2 2192.4
170.27 1937.4 2261.5 2196.8
172.76 1941.9 2265.5 2200.9
175.25 1946.2 2269.4 2204.9
177.74 1950.3 2273. 2208.7
180.28 1954.3 2276.6 2212.3
182.91 1958.1 2280.1 2215.9
185.65 1962. 2283.5 2219.5
188.51 1965.7 2286.9 2223.
191.51 1969.5 2290.2 2226.5
194.5 1973.1 2293.5 2229.8
197.63 1976.5 2296.5 2233.
201.23 1980.2 2299.8 2236.4
204.83 1983.6 2302.9 2239.6
208.77 1987. 2306. 2242.8
213.11 1990.5 2309.1 2246.
217.91 1993.9 2312.2 2249.2
223.31 1997.4 2315.4 2252.4
228.71 2000.5 2318.1 2255.3
235.66 2003.9 2321.2 2258.5
242.61 2007. 2324. 2261.4
251.93 2010.3 2327. 2264.5
261.24 2013.1 2329.5 2267.1
276.4 2016.5 2332.6 2270.3
291.57 2018.9 2334.8 2272.5
323.42 2021.7 2337.3 2275.2
355.27 2023.4 2338.8 2276.7
415.27 2024.8 2340.1 2278.1
475.27 2025.2 2340.5 2278.4
535.27 2025.5 2340.8 2278.7
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TABLE 54
Model (B4) > Transient Thermal (B5) > Solution (B6) > Probes
FIGURE 13












































Display Time End Time
Spatial Resolution Use Maximum
Results
Temperature 1974.8 °C
Maximum Value Over Time
Temperature 1974.8 °C
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TABLE 55
Model (B4) > Transient Thermal (B5) > Solution (B6) > T Probe - Thermocouple




















































































































































































































































































































































































































































































































































































































































































































































































Stainless steel, martensitic > Constants
TABLE 57
Stainless steel, martensitic > Density
TABLE 58
Stainless steel, martensitic > Isotropic Elasticity
TABLE 59
Stainless steel, martensitic > Isotropic Thermal Conductivity
TABLE 60
Stainless steel, martensitic > Isotropic Secant Coefficient of Thermal Expansion
TABLE 61
Stainless steel, martensitic > Specific Heat Constant Pressure
TABLE 62
Stainless steel, martensitic > Color
TABLE 63
Stainless steel, martensitic > Tensile Yield Strength
TABLE 64
Stainless steel, martensitic > Tensile Ultimate Strength
Isotropic Secant Coefficient of Thermal Expansion 9.95e-006 C^-1
Isotropic Resistivity 5.46e-007 ohm m
Density kg m^-3
7750
Young's Modulus Pa Poisson's Ratio Bulk Modulus Pa Shear Modulus Pa
2.e+011 0.28 1.5152e+011 7.8125e+010
Thermal Conductivity W m^-1 C^-1
24.9
Zero-Thermal-Strain Reference Temperature C
22




Tensile Yield Strength Pa
7.62e+008
Tensile Ultimate Strength Pa
8.4e+008
Structural Steel
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TABLE 65
Structural Steel > Constants
TABLE 66
Structural Steel > Color
TABLE 67
Structural Steel > Compressive Ultimate Strength
TABLE 68
Structural Steel > Compressive Yield Strength
TABLE 69
Structural Steel > Tensile Yield Strength
TABLE 70
Structural Steel > Tensile Ultimate Strength
TABLE 71
Structural Steel > Isotropic Secant Coefficient of Thermal Expansion
TABLE 72
Structural Steel > S-N Curve
TABLE 73
Structural Steel > Strain-Life Parameters
TABLE 74
Structural Steel > Isotropic Elasticity
TABLE 75
Structural Steel > Isotropic Relative Permeability
Density 7850 kg m^-3
Isotropic Secant Coefficient of Thermal Expansion 1.2e-005 C^-1
Specific Heat Constant Pressure 434 J kg^-1 C^-1
Isotropic Thermal Conductivity 60.5 W m^-1 C^-1
Isotropic Resistivity 1.7e-007 ohm m
Red Green Blue
132 139 179
Compressive Ultimate Strength Pa
0
Compressive Yield Strength Pa
2.5e+008
Tensile Yield Strength Pa
2.5e+008
Tensile Ultimate Strength Pa
4.6e+008
Zero-Thermal-Strain Reference Temperature C
22












Strength Coefficient Pa Strength Exponent Ductility Coefficient Ductility Exponent Cyclic Strength Coefficient Pa Cyclic Strain Hardening Exponent
9.2e+008 -0.106 0.213 -0.47 1.e+009 0.2
Young's Modulus Pa Poisson's Ratio Bulk Modulus Pa Shear Modulus Pa Temperature C





Graphite felt > Constants
TABLE 77
Graphite felt > Color
TABLE 78
Graphite felt > Isotropic Thermal Conductivity
Density 157.5 kg m^-3
Specific Heat Constant Pressure 2050 J kg^-1 C^-1
Red Green Blue
235 222 222
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Titanium > Isotropic Elasticity
TABLE 82
Titanium > Isotropic Thermal Conductivity
TABLE 83
Titanium > Isotropic Secant Coefficient of Thermal Expansion
TABLE 84




Titanium > Tensile Yield Strength
TABLE 87
Titanium > Tensile Ultimate Strength
Isotropic Secant Coefficient of Thermal Expansion 8.89e-006 C^-1
Isotropic Resistivity 5.62e-007 ohm m
Density kg m^-3
4510
Young's Modulus Pa Poisson's Ratio Bulk Modulus Pa Shear Modulus Pa
1.02e+011 0.36 1.2143e+011 3.75e+010
Thermal Conductivity W m^-1 C^-1
17.1
Zero-Thermal-Strain Reference Temperature C
22




Tensile Yield Strength Pa
3.15e+008
Tensile Ultimate Strength Pa
4.11e+008






Isotropic Thermal Conductivity 24 W m^-1 C^-1
Density 2250 kg m^-3









Zirconia > Isotropic Elasticity
TABLE 93
Zirconia > Isotropic Thermal Conductivity
TABLE 94
Zirconia > Isotropic Secant Coefficient of Thermal Expansion
TABLE 95




Zirconia > Tensile Yield Strength
TABLE 98
Zirconia > Tensile Ultimate Strength
Isotropic Secant Coefficient of Thermal Expansion 7.27e-006 C^-1
Isotropic Resistivity 9.99e+006 ohm m
Density kg m^-3
6090
Young's Modulus Pa Poisson's Ratio Bulk Modulus Pa Shear Modulus Pa
1.38e+011 0.259 9.5436e+010 5.4805e+010
Thermal Conductivity W m^-1 C^-1
1.84
Zero-Thermal-Strain Reference Temperature C
22




Tensile Yield Strength Pa
1.32e+008







Isotropic Thermal Conductivity 130 W m^-1 C^-1
Density 10220 kg m^-3






Isotropic Thermal Conductivity 174 W m^-1 C^-1
Density 19300 kg m^-3
Specific Heat Constant Pressure 132 J kg^-1 C^-1
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